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ABSTRACT 
 This project characterizes and examines changes to the annual hydroclimatic 
cycle throughout alpine regions of Colorado with a focus on trends in snowpack and 
snowmelt hydrology. Datasets analyzed for this research include 79 SNOTEL sites 
throughout Colorado (24 in the San Juan Mountains) which provide climate metrics for 
Water Years 1988-2018. Impacts on streamflow are evaluated in the San Juan Region 
through a network of 11 USGS stream gauges. Correlation matrices and linear regression 
methods examine the relative controls on the magnitude and timing of discharge, and 
trend detection using the regional Kendall test quantifies the rate of change within these 
systems. Results indicate that flood frequency values (regional Q100:Qm = 2.50) match 
snowmelt dominated regions across the Rocky Mountains. Strong correlations between 
annual discharge values and SWE totals (r = 0.93) also support this relationship, and 
variability between watersheds primarily reflects elevation constraint on the snow 
accumulation processes (r = -0.73). Further analysis reveals that while precipitation 
regulates the quantity of streamflow to a greater degree than the larger scale Upper 
Colorado River Basin, temperature plays a strong role in the timing of streamflow 
periods. Thus, observed temperature increases (+1.05℃/decade) impact the hydrology of 
the region through earlier snowmelt discharge (Q20 Slope = -3.7 days/decade) rather than 
decreased flow magnitude. Decreases in SWE max (-2.5 cm/decade) are offset by 
increases in Post Max SWE (+1.0 cm/decade), reflecting earlier SWE Max dates (-5 
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With rising global temperatures, changing climate patterns and seasonality are 
expected to disrupt long-standing temperature and precipitation norms. While these shifts 
will cause widespread impacts on both human and physical geographies, this study 
focuses on the resulting changes to hydrologic dynamics in alpine watersheds. Because 
mid-latitude alpine areas act as regional ‘water towers’ (Viviroli and Weingartner 2004; 
Stewart 2009; Li et al., 2017) suppling communities, farmers, and industries with a 
reliable supply of streamflow, there is particular concern regarding the vulnerability of 
these areas to warming trends associated with anthropogenic climate change (Rangwala 
et al., 2016). Employing the multi-disciplinary approach of hydroclimatology places 
hydrologic events within their climatological context (Hirschboeck, 1984), and as a 
result, that streamflow is closely linked to both local and distant climate forces which 
regulate the timing and magnitude supplying water availability.  
Through this research project, the influence of climate variability on the 
magnitude and timing of snowpack accumulation and streamflow is examined at seasonal 
and inter-annual scales. SNOTEL and USGS gauges provide datasets with measurement 
records of 30+ years of regional hydroclimate data in the alpine regions of Colorado. 
Particular emphasis on the San Juan Mountain region within the southwestern portion of 
the state examines a critical area of the state for suppling water resources to much of the 
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semi-arid and arid American Southwest (Woodhouse and Lukas, 2006; Clow, 2010; 
McCabe et al., 2017). 
 
1.2. Study Area 
 
Figure 1. 1. San Juan Mountains Study Area 
Situated along the continental divide in Southwestern Colorado, the San Juan 
Mountains rise up from the San Luis Valley to the east and the Intermountain West to the 
west. With 14 peaks rising above 14,000-feet, orographic effects act to concentrate rain 
and snow at high-elevation, and alpine areas receiving as much as six times the 
precipitation of lower-lying valleys to the east (Mix et al., 2012). Thirty-one years of 
measurements from 24 SNOTEL sites give an average annual precipitation of 1035 mm, 
a majority of which falls as snow (52%). Typical of mid-latitude mountain ranges, 
winters in the San Juan region represent an important hydroclimatic period of snowfall 
accumulation from October through April before melt runoff creates to a spring discharge 
peak. The average date of maximum snowpack accumulation for SNOTEL sites in the 
Data From 30-yr Gridded 
PRISM Climatic Normals 
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region is April 1st with peak seasonal runoff typically occurring in late May or early 
June. Runoff flows westward through tributaries of the Colorado River, including the 
Uncompahgre, Dolores, and San Juan Rivers, as well as eastward via the Rio Grande 
watershed. While many streams throughout the region are influenced by trans-basin 
diversions, dams, and agricultural activity, a small number of USGS gauges provide a 
sample of watersheds with relatively minimal anthropogenic influences (Figure 1.1). To 
contextualize the San Juan study area within the broader region, a total of 79 SNOTEL 
sites from Colorado and adjacent states were included for climatic analysis at a more 
regional scale (Figure 3.7). 
 
1.3. Climate of the Southern Rockies 
The climate of the region is defined by its latitude, continentality, and elevation 
(Stewart, 2009). Precipitation contributions to streamflow are regulated by seasonal 
temperature fluctuations which define the phase of snow or rain (Figure 1.2). During 
summer, convective thunderstorms, associated with the North American Monsoon, 
provide the main source of rainfall (Sheppard et al., 2002; Leavitt et al., 2011), creating 
rapid runoff events with significant flooding implications, particularly at lower elevations 
(Jarrett and Costa, 1988). In winter, buildup of snowpack culminates with peak snowpack 
totals in late March and early April (Stewart, 2009; Clow, 2010). Due to high altitudes 
and cool temperatures across the region, the proportion of precipitation falling as snow 
and the length of the accumulation period in Colorado exceeds that of most other areas of 
the American West (Serreze, 1999). From year to year, snowpack magnitudes can 
fluctuate dramatically, and measured SWE totals provide a valuable index for assessing 
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winter conditions and predicting spring runoff (Cayan, 1996). In general, SWE variability 
at lower elevation sites shows greater sensitivity to temperature changes whereas 
precipitation controls higher altitude variance (Mote et al., 2006).  
 
Figure 1. 2. San Juan Climograph 
Because winter storms regulating snowpack accumulation are associated with 
frontal movement originating in the Pacific, distant SST conditions force a significant 
amount of hydroclimatic variability in the region (Clark et al., 2001). A major contributor 
to interannual variability is the El Nino-Southern Oscillation (ENSO) which is associated 
with increased precipitation and higher snowpack totals in the Southwest during El Nino 
years. Conversely, periods of La Nina are characterized by decreased precipitation and 
lower snowpack accumulation (Cayan et al., 1999). The Pacific Decadal Oscillation 
(PDO) and the Atlantic Multidecadal Oscillation (AMO) also contribute to precipitation 
variability over longer timeframes (McCabe et al., 2004; Pascolini-Campbell et al., 2017) 
and help modulate ENSO dynamics with positive/negative phases of PDO associated 
with a strengthening/weakening of El Nino conditions (Gershunov et al., 1998; Hidalgo 
and Dracup, 2003). The Pacific/North American pattern (PNA) affects storm tracks 
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through shifts in tropospheric flow with positive anomalies associate with drying 
conditions throughout the mid-latitudes of North America (Ghatak et al., 2010; Wise, 
2010). Understanding these processes is critical to evaluating the distant climate forces 
that influence regional streamflow patterns, however a great deal is still unknown 
regarding the direct impact of these teleconnections. 
The short timeframe of the instrumental record (often <100 years) provides 
significant challenges for determining long-term benchmarks and assessing regional 
variability of hydroclimate throughout the American West (Sheppard et al., 2002; 
Stewart, 2009; Leavitt et al., 2011). In particular, less-accessible, high elevation areas 
tend to be underserved by the traditional climate data network despite representing the 
most significant areas of snowpack accumulation (Serreze et al., 1999). To combat these 
issues, the NRCS’s Snowpack Telemetry (SNOTEL) network was established to provide 
automated, daily measurement of pertinent climatic data. This resource provides data on 
snowpack, as measured by the Snow Water Equivalent (SWE), and precipitation dating 
back to 1978 in Colorado.  
However, widespread distribution of measurement sites and the addition of 
temperature records did not occur until as late as 1988. Prior to the establishment of the 
SNOTEL program, Snow Course locations provided estimates of SWE based on monthly 
field measurements (Regonda et al., 2005). While this program continues today, the data 
lacks the temporal and year-round resolution of SNOTEL sites (Clow, 2010). In addition, 
because the SNOTEL network was designed for snowpack-supplied water resource, 
measurement sites are biased within a narrow range of accessible and high (winter) 
precipitation locations. Therefore, the SNOTEL network cannot always reveal variation 
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through a basin or provide as accurate information for summer convective events. 
However, with no alternative dataset providing the comprehensive climatic metrics and 
daily resolution of SNOTEL, this resource remains the highest quality tool for monitoring 
climate in the remote region that makes up this project’s study area. 
 
1.4. Hydrologic Significance 
Discharge values provide an aggregated measurement of basin conditions that can 
smooth out the bias of any individual SNOTEL site. Evaluating the spring runoff period 
also improves the understanding of season-long winter conditions by measuring the 
hydrologic output (Clark et al., 2001). The major drivers of streamflow variability for 
large basins (>10 km2) are drainage area, mean annual precipitation, and precipitation 
intensity (Pitlick, 1994). Because drainage area is temporally constant, climate 
fluctuations exert a strong influence on the inter-annual regional hydrology, regardless of 
any local physiographic variability. In the Southern Rockies, the seasonal melt of 
snowpack during April-July is reflected in the hydrographs of the region which swell 
with meltwater over these months despite relatively low precipitation values during this 
time (Miller and Piechota, 2008; Pascolini-Campbell et al., 2017). The ability to 
overwhelm soil storage capability, reducing infiltration rates, along with lower seasonal 
evaporation rates allow spring snowmelt to more efficiently generate streamflow relative 
to summer rainstorms, so that while 63% of precipitation falls as snow, 73% of runoff 
originates as snowpack in the Rocky Mountains (Li et al., 2017).  
Temperature also exerts a significant impact on the timing and variability of 
streamflow in high-elevation alpine regions like the San Juan Mountains (Solander et al. 
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2018). Increasing temperatures are associated with reduced snowpack accumulation, 
earlier timing of peak SWE, and an accelerated melt rate which all act to change the 
timing and magnitude of spring runoff (Clow, 2010; Das et al., 2011; Chavarria and 
Gutzler, 2018). Additional factors can impact the rate of melt at local and regional scales. 
Aeolian dust from the Colorado Plateau is commonly deposited on snowpack in the San 
Juan Mountains, increasing the melt rate of the region due to increased solar absorption 
from the lower albedo mineral material (Bryant et al., 2013). While dust on snow is a 
natural feature of the region, elevated dustiness during the 20th century is associated with 
changing land use practices and intensified agricultural activities (Arcusa et al., 2019). 
Precipitation and temperature characteristics prove valuable for understanding 
annual streamflow characteristics. 60-65% of Rio Grande River flow originates in the 
headwater’s region of southern Colorado (Pascolini-Campbell et al., 2017). Thus, any 
changes in flow timing and magnitude in its source area may impact water availability for 
downstream users, particularly during the late-summer agricultural period (Mix et al., 
2012). Flood control is a second major concern. Anomalous flood peaks (often 
characterized by the 100-year flood) in regions dominated by snowmelt tend to be 
relatively small relative to the mean annual flood. Based on observations from the 
Colorado Front Range, Pitlick (1994) found the ratio of extreme to mean flood events for 
the convective thunderstorm, dominated foothills region (8.5) to greatly exceed that of 
the snowmelt driven alpine region (2.0). Changes in base, peak, and center of mass flow 
allow researchers to define the nature and implications of changing snowmelt in alpine 
regions (Regonda et al., 2005; Clow, 2010). 
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Using the “natural flow” record at Lees Ferry, the Upper Colorado River Basin, 
represents a common study area for evaluating the hydroclimate of the American 
Southwest. At this scale, winter precipitation constitutes the strongest control over annual 
variability, however temperature also plays a significant role in reducing runoff 
efficiency through increased evaporation (McCabe et al., 2017), and declining snowpack 
may exacerbate this phenomenon by removing high-albedo snow cover (Fyfe and Flato, 
1999; Milly and Dunne, 2020). High elevation areas, such as the San Juan Mountains, 
may be particularly susceptible to elevation dependent warming (Harpold et al., 2012; 
Rangwala et al., 2017), although not all studies observe this relationship (Mote et al., 
2006), and evidence of warming in alpine areas may reflect systematic bias from a 
replacement of SNOTEL sensors to update the network rather than natural changes in 
alpine areas (Oyler et al., 2015). Nevertheless, understanding these hydroclimatic factors 
over different scales is critical to modeling the impacts of future warming.  
To date, the largest hydroclimatic impacts of rising temperatures have been 
observed in lower elevation mountain ranges where increases in temperature correspond 
with shifts from snow to winter rain events (Serreze, 1999; Regonda et al., 2005), but use 
of more powerful statistical techniques reveal potential trends in streamflow timing, even 
in the high altitude regions of Colorado (Clow, 2010). Previous work in the study area 
suggests that the San Juan Region has experienced a net warming of 1℃ over the 20th 
century. Following initial warming and mid-century cooling, temperature increases 
during the final 1990-2005 period (1.00℃/decade) were the primary driver of this change 
(Rangwala and Miller, 2010). These temperature trends are expected to continue 
throughout the 21st century however modeled precipitation changes are less certain 
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(Christensen and Lettenmaier, 2007; Stewart, 2009), and research into the impacts on the 







2. Research Objectives 
This project seeks first to characterize the modern hydroclimate of the San Juan 
Mountains and then contextualize how conditions in this area of Colorado compare to the 
broader Southern Rocky Mountain region. To this end, examination of the dominant 
snowmelt period in relation to both the preceding winter months and upcoming summer 
period evaluates the influence of annual hydroclimatic conditions on the surface 
hydrology of the region. Finally, trends are assessed to understand how warming 
temperatures are shifting climate and hydrologic dynamics in the region and to project 
how additional warming may alter future conditions. 
To achieve these goals, the following research questions outline specific 
objectives guiding the methodology and analyses for this study: 
1) What physiographic characteristics influence runoff variability and magnitude within 
the alpine watersheds of the San Juan Mountains?  
a. Which variables influence peak streamflow magnitude and timing? 
b. Which variables influence the relationship between peak and baseflow? 
2) How well can SNOTEL data predict streamflow in alpine basins of the San Juan 
Region? 
a. Which variables are most effective at characterizing annual and spring runoff?  
b. What is the spatial variability of snow accumulation and melt in the region? 
c. How do teleconnections influence hydroclimate in the San Juan Mountains? 
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d. How does early snowmelt timing impact late summer baseflow? 
3) How has the hydroclimate of the region changed over the last 30 years and what are 






3. Data and Methods 
3.1. Watershed Delineation & Basin Geomorphology 
From a total population of 80 USGS stream gauges across the region, 11 provide 
the necessary temporal length, continuity, and minimal history of diversions or dams for 
conducting hydroclimatic analysis (Appendix A). To understand these sample gauges, 
contextualizing discharge records within the broader climatic and physiographic 
characteristics of each watershed defines the natural controls on stream variability and 
magnitude. Pitlick (1994) identifies seven key stream channel and drainage basin 
variables regulating the hydrology of mountainous regions similar to that of the study 
area (Table 3.1). These characteristics define the efficiency and magnitude of the 
drainage basin towards channeling runoff but do not describe differences in precipitation 
or temperature. Therefore, to account for the role of high-elevation climate, additional 
spatial variables quantify the degree of drainage area within the alpine, snow-
accumulation zone as well as the latitude of each drainage basin. Using these nine 
variables provides a set of independent variables from which to evaluate the 
physiographic forces controlling snowmelt and streamflow. 
With no spatial information available other than the location, elevation, and total 
drainage area of each gauge, GIS provides a valuable tool for efficiently and accurately 
delineating the unpublished watershed characteristics (Moussa, 2003). Specifically, a 
Digital Elevation Model (DEM) can characterize the 3-dimensional features of a region 
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with sufficient accuracy, even in high-slope, mountainous terrain, to model surface runoff 
(Tarboton et al., 1997; Ozdemir and Bird, 2009). For the San Juan Mountains, the 
USGS’s 3D Elevation Program (3DEP) provides the highest resolution, publicly 
available DEM and covers the entire study area with a grid 10m x 10m cells. To create 
the dataset for this project, eight 1x1 degree blocks were downloaded from the USGS’s 
National Map Viewer. In ArcGIS Pro, these blocks were stitched using the Mosaic to 
New Raster function to create a single DEM file and trimmed using Clip Raster to limit 
the spatial extent of the DEM to the specific study area, allowing for more manageable 
file sizes and efficient processing times.  
Table 3. 1. Watershed Variables to be Calculated ArcGIS 
Variable Unit Description 
Drainage Area  
     (A) km
2 Total area contributing runoff to a downstream gauge 
Mean Elevation  
     (E) m Average elevation within the drainage area.  
Main Channel Slope  
     (S) - 
Difference between the elevation of points 10% and 85% 
upstream of USGS Gauge divided by the basin length 
between those points.  
Basin Length  
     (L) km 
Length of the main channel between gauge and drainage 
divide 
Relief  
    (H) m 
Difference between maximum and minimum elevations 
within a drainage area 
Drainage Density  
    (D) km/km
2 Average stream channel length per unit area  
Ruggedness Number  
     (HD) - 
Measure of drainage geometry calculated from the product 
of relief and drainage density  
Alpine Area  
     (A2900) km
2 Total drainage area above 2900m 
Percent Alpine Area  
    (A%2900) % 
Proportion of drainage area above 2900m relative to the 
total drainage area 
Latitude  
    (N) ° 
Latitudinal location of the drainage based on mean center 
location  
 
3.1.1. Drainage Basins and Stream Networks 
Using the developed DEM raster, identification of flow direction paths describes 
the downslope relationship of each cell relative to its neighbor (Figure 3.1). By 
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aggregating all cells which eventually flow into USGS Gauge “pour points”, the spatial 
extent of each upstream watershed can be determined. To perform this analysis in 
ArcGIS (Figure 3.2), the Flow Accumulation tool reclassifies each cell by upstream area. 
Locations at the watershed boundary are first assigned a value of 1 and then added to 
downstream cells based on neighboring Flow Direction relationships until the outlet is 
reached. This allows the resulting product to identify extended paths of connected cells, 
characterized by high accumulation numbers, as stream channels. 
 
Figure 3. 1. Diagram from Moussa (2003) Illustrating Flow Direction (a) and Accumulation (b) Processes 
To progress from a flow accumulation raster layer of the entire study area to a 
subset of cells representing only the desired stream network, a channel initiation 
threshold was estimated using the mean of all cells within the study area dataset (8,565). 
This methodology utilizes the left-skew of the flow accumulation histogram to assume 
that the relatively few values above the mean are representative of the stream channel, 
and because it is calculated based on the subject study area and DEM resolution, this 
process is sensitive to local geomorphological conditions (Tang et al., 2001). To validate 
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this threshold, comparisons with field observations and Google Earth imagery revealed 
strong similarities between the ArcGIS output and channel head locations. Other 
attempted methodologies, such as using 1% of the maximum accumulation value, did not 
perform as well during ground truthing. In addition, parallel streamlines, an indication of 
overestimating channel morphology (Ozulu and Gökgöz, 2018), were not apparent in the 
mean accumulation output.  
 
Figure 3. 2. Steps in ArcGIS Model Builder for Delineating Watershed Boundaries and Stream Paths 
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Using Set Null, the values of all cells less than 8,565 (upstream DA = 0.86 km2) 
were replaced with a null value, producing a new raster stream network dataset from the 
remaining, high accumulation cells. After converting the developed raster layers to vector 
feature classes, application of Zonal Statistics compares the new polygon and polyline 
layers to the original DEM. This process helps quantify vital geomorphological 
characteristics such as Drainage Area, Elevation, and Relief with additional calculations 
producing secondary variables such as Drainage Density, and Ruggedness (Table 4.1). 
However, calculation of variables such as Slope and Length required further work to 
identify and describe the main stem of each stream network.   
Hydrologic systems provide a well-suited environment for GIS network analysis 
methodologies which can identify downstream paths from a single source (McKay et al., 
2013; Gülgen, 2017). While each watershed includes an individual gauge operating as the 
downstream terminal of the system, upstream paths to various 1st order streams represent 
numerous potential mainstem channels. To identify the appropriate headwater node for 
each basin, the main channel was visually traced upstream from each gauge, prioritizing 
the path preserving the higher stream order. When encountering a junction between links 
of equal stream order, preference was given to the segment prioritizing stream length. 
After determining a headwater node for each watershed, the trace downstream tool 
selected the appropriate segments connecting this point to the corresponding downstream 
gauge (Figure 3.3). Next, the Create Layer from Selected Features and Dissolve tools 
exported these segments into 11 main channel features. To calculate the slope between 
points 10% and 85% upstream, the Divide tool re-segmented these features into an 
upstream, middle, and downstream segment for each streamline, and Zonal Statistics 
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related the elevation and distance information necessary for establishing main channel 
slope and basin length.  
 
Figure 3. 3. Trace Downstream Process for a Watershed Using the Network Analysis Extension in ArcGIS 
3.1.2. Elevation Thresholds 
Given the role of snowpack in dominating the annual hydrograph of alpine 
regions (Pitlick 1994; Bales et al., 2006; Li et al., 2017), a drainage basin with abundant 
high-elevation, snow-accumulating areas should show markedly different discharge 
characteristics than a watershed with a similar range of elevations but with a greater 
percentage of drainage in lower elevations. An analysis of the Colorado Front Range by 
Jarrett and Costa (1998) identified 2300 meters as a major threshold for characterizing 
the flood hydrology of individual catchment areas.  
To test this transferability of this analysis to the San Juan Mountains, the area 
above 2300m, as well as the percentage of this area relative to total drainage area were 
calculated (Figure 3.4). Because several drainage basins in this study are located 
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completely above the 2300 m threshold (Figure 3.5) and concern that latitudinal 
differences in the more southernly San Juan Mountains might alter the elevation of this 
transition (Jarrett, 1993), additional values were calculated at 100-meter intervals ranging 
between 2000 and 3500. Correlations between these values and the average start of the 
then snowmelt runoff period (Q20) identify 2900 meters as an alternative descriptor of 
the influence of snowmelt on discharge for the sample watersheds (Appendix B). This 
value almost certainly overestimates the threshold elevation for controlling flood 
hydrology (Wohl and Jarrett, 1998), but it does provide a more a more variable datapoint 
differentiating snowpack controls within the sample watersheds. 
 
Figure 3. 4. Methodology for Calculating Watershed Area above Elevation Thresholds 
 








3.1.3. Spatial Location 
Finally, to produce a latitude metric appropriate for each basin, the Calculate 
Geometry Attribute tool was employed to determine the centroid of each watershed. 
Because drainage occurs radially away the San Juan Mountains, the center location 
provides a more reliable geographic assessment than USGS Gauge latitude. This is 
because the gauge position may show latitudinal differences between two catchments that 
are similarly aligned, but one flows to the northeast while the other flows towards the 
southwest (Figure 3.6). 
 
3.2. Streamflow Data Interpretation and Analysis 
3.2.1. Annual and Snowmelt Metrics 
Seasonal streamflow in mid-latidute alpine watersheds, such as those of the study 
area, follows a predictable pattern of elevated discharge during the March-July snowmelt 
period with additional peaks associated with extreme rainfall events (Stewart et al., 
2005). To analyze discharge patterns, eight variables derived from mean daily discharge 
measurements (Table 3.2; Appendix C) characterize the seasonality and magnitude of 
streamflow between years and gauges. Daily data was selected over peak annual values to 
extend the gauge record and should sufficiently characterize the streamflow patterns of 
the snowmelt dominated region (Regonda et al., 2005). 
Because the study area encompasses basins of varying sizes, regional streamflow 
was calculated using the average z-score from individual gauges. This method uses the 
natural discharge variability of the stream to assess how a given year relates to the entire 
 
20 
record for that gauge, and the product represents a standardizing metric for comparing 
various low/high discharge events throughout the study area (McCabe et al., 2017). 
Table 3. 2. USGS Gauge Discharge Variables 
Variable Unit Description 
Qannual m3s-1 Average daily discharge throughout the water year  (October 1 – September 30) 
Qmax m3s-1 Peak daily discharge throughout the water year  (October 1 – September 30) 
Qsm m3s-1 Average annual discharge throughout the snowmelt season (March 15 – July 15) 
Qls m3s-1 Average daily discharge throughout the late summer period (August 1 – September 30) 
Q20 date Date when cumulative water year discharge exceeds 20% of total annual discharge 
Q50 date Date when cumulative water year discharge exceeds 50% of total annual discharge 
Q80 date Date when cumulative water year discharge exceeds 80% of total annual discharge 
Q20-80 days Length of time between cumulative water year discharge exceeding the Q20 and Q80 thresholds 
 
 
Figure 3. 7. Streamflow Variable Diagram 
Along with annual discharge, two seasonal time periods were selected for further 
analysis into the influence of hydroclimate on season-specific streamflow variability. 
First, a period from March 15th to July 15st characterizes the average discharge during the 
portion of the year dominated by direct snowmelt contribution (Figure 3.7a). Second, a 
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time of high evapotranspiration and anthropogenic demand but lessened streamflow (Mix 
et al., 2006). Evaluating the mean daily discharge during these separate seasons provides 
a metric from which to evaluate the seasonality of flow throughout the early and late 
portion of the agricultural season.  
3.2.2. Flood Frequency Curves 
To quantify streamflow dynamics beyond annual metrics, flood frequency 
probability values describe the variability of annual peak discharge values. Work on 
stream gauges in the Colorado Front Range successfully adopted the regional PWM-GEV 
procedure of Hoskins et al. (1985) to similar basins as those of the study area in this 
project (Pitlick 1994). Through probability weighted moment (PWM) estimations of 
generalized extreme values (GEV), this procedure deploys a series of equations for 
estimating the degree of variance within a watershed (Appendix D). Analyzing the 11 
gauges individual provides a metric for investigating the specific causes of variability 
within the study area, and a single regional value incorporating data from all 11 gauges 
produces a value to compare with nearby regions.  
Using these calculations, a Q*Tr value is developed which represents the ratio 
between the expected record peak and the mean annual peak discharge within any given 
recurrence interval. For example, a Q100 value of 2 indicates that an annual discharge 
event twice as large as the average peak magnitude of a gauge has an annual exceedance 
probability (AEP) value of 1% or once every one-hundred years. Graphing the output of 
these equations depicts the individual slopes of the flood frequency curve and visually 
represents the standard deviation within each basin. Thus, a higher slope (and resulting 
higher Q100 value) indicates greater variability in year to year peak discharges while a 
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lower slope represents less variability (Pitlick, 1994). Along with this graph, Q100 values 
provide a specific metric for assessing the potential controls on basin flood frequency 
through correlations with the previously defined geomorphic variables. 
3.2.3. Center of Mass and Seasonality 
Annual discharge peaks may occur outside of the snowmelt period (late-summer 
storms) and are sensitive to short-term daily temperature and precipitation conditions 
rather than water year climate (Regonda et al., 2005; Stewart et al., 2005). Therefore, the 
center of mass date provides an alternative metric for understanding the variability in 
timing and length of the snowmelt season (McCabe et al., 2005). To develop these 
values, the sum of preceding daily discharge values produces a measure of the cumulative 
streamflow throughout the water year. Dividing these values by the total water year 
discharge calculates the fraction of water year value to date with 0% on October 1st and 
100% on September 30th. Threshold dates of 20% (Q20), 50% (Q50), and 80% (Q80) of 
total annual discharge serve as proxies for the start, middle, and end timing of snowmelt 
driven streamflow (Clow, 2010). Using these three variables, as well as the length of this 
period (Q20-Q80), provides insight into the snowmelt period by assessing the climatic 
forces influencing the timing and attenuation of the seasonal hydrograph (Figure 3.7b). 
 
3.3. Characterizing the Modern Hydroclimate of the San Juan Mountains 
3.3.1. SNOTEL Datasets 
The USDA’s Snow Telemetry (SNOTEL) dataset serves as the primary source 
from which climate metrics of temperature, precipitation and snow water equivalent 
(SWE) were derived. The daily resolution of this resource provides an opportunity for 
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studying the temporal variability of snow accumulation and melt, a quality unavailable 
from alternative datasets, such as snow course measurements (Clow, 2010). Using these 
measurements, a 31-year (Water Years 1988-2018) record was developed for 79 stations 
across Colorado and neighboring states, 24 of which are located within the San Juan 
Region (Appendix E). While precipitation data often extends beyond the 1988 cutoff, the 
defined study period balances the length of record with the number of recording stations 
to maximize the sample size for analyses. Division of SNOTEL sites into seven 
geographic regions provides further insight into the spatial variability of climate across 
Colorado (Figure 3.8). Grouping of sites reflects the location of stations within a distinct 
mountain range or watershed as well as a balance between the number of samples within 
each region (Clow, 2010). Generally, while SNOTEL precipitation data includes 
relatively few errors, analyzing temperature records involves substantial data quality 
assessment (Clow, 2010; Oyler et al., 2015). To flag questionable measurements, daily 
average, minimum, and maximum temperature values passed through several screens 
(Serreze, 1999): 1) extreme values (< -50℃ or >100℃); 2) values which repeat for 3 or 
more days; 3) values for which the calculated z-score relative to the entire SNOTEL 
sample exceeded  |3|; and 4) values which did not conform to the site and daily specific 
“min < avg < max” relationship. Along with missing values, these measurements 
composed 4.3% of average, 4.8% of maximum, and 5.5% of daily temperature 
measurements, most of which occurred prior to 1994. Temperature records were then 
converted into monthly aggregates with a caveat that if missing or removed days 
exceeded 5 days, that month was recorded as “no data”. To replace missing data, an 
important step for calculating annual averages, linear regression methods substituted “no 
 
24 
data” months with more robust values. First correlation matrices were used to identify 
suitable estimate locations based on high correlation coefficients and low numbers of 
missing values. Site-specific regression equations then established a mathematical 
relationship between appropriate estimate-sites and individual SNOTEL stations.   
 
Figure 3. 8. Location of SNOTEL Sites and Regional Divisions 
3.3.2. Annual and Seasonal Variability 
Using SNOTEL daily measurements of precipitation, SWE, and adjusted 
temperature, annual water year characteristics at station and regional scales were 
developed (Table 3.3; Appendix F). Climate analyses were conducted for regional 
SNOTEL groups (Figure 3.8) as well as a general San Juan Region, to compare with 
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streamflow measurements, and a Total Colorado Region of all 79 stations. Magnitude 
variables such as SWE max and annual precipitation describe the supply of moisture 
available to locations. Temporal variables including SWE max date, SWE end, and SWE 
days, along with proportional variables such as SWE:PRE, represent the seasonality of 
snow accumulation, precipitation, and melt. Using correlation matrices and multivariate 
linear regression, comparisons of monthly, seasonal, and annual temperature and 
precipitation values against snowpack and streamflow measurements provide an 
understanding of how hydroclimatic forces interact at varying temporal scales.  
Table 3. 3. SNOTEL Climate Variables 
Variable Unit Description 
SWE Max mm Peak daily SWE measurement 
SWE Max Date Date Day into water year when the peak daily SWE measurement first occurs 
April 1 SWE mm SWE measurement on April 1st (day 183 of water year) 
Total SWE mm Sum of SWE Max and Post Max SWE 
SWE Start Date First day of WY (including preceding September) with a SWE > 0 
SWE End Date Last day of WY with a SWE > 0 
SWE Length Days Difference between SWE start and end 
SWE Days Days Count of days with SWE > 0 
SM100 Days Difference between SWE Max Date and SWE End  
SM50 Date Date Date after SWE Max Date when SWE falls below 50% SWE Max 
SM50 Days Difference between SWE Max Date and SM50 Date 
Post Max SWE mm Sum of positive SWE differences after SWE Max Date 
SWE:PRE - Ratio of Total SWE and Annual Precipitation 
Precipitation mm 
Sum of precipitation measurements over annual (Oct-Sep) and seasonal 
(Cold Season (Oct-Mar); Warm Season (Apr-Sep); Fall (Oct-Nov); 
Winter (Dec-Feb); Spring (Mar-May); Summer (Jun-Aug)) scales 
Temperature ℃ 
Average of temperature measurements over annual (Oct-Sep) and 
seasonal (Cold Season (Oct-Mar); Warm Season (Apr-Sep); Fall (Oct-
Nov); Winter (Dec-Feb); Spring (Mar-May); Summer (Jun-Aug)) scales 
 
3.3.3. Geographic Variability 
An investigation into the influence of latitude and elevation provides further 
insight into the spatial controls modulating alpine climate across Colorado (Figure 3.9). 
Correlation matrices show the influence of these variables on a variety of climate metrics, 
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and multivariate linear regression using these two inputs provides more robust modeling 
of relative contribution of each towards SWE. Understanding climate variability across 
the study area gives additional meaning to the physiographic variability of drainage 
basins feeding into the selected stream gauges.  
 
             Figure 3. 9. Elevation Controls on Temperature                   Figure 3. 10. Swamp Angel Study Plot  
 
3.4. Additional Hydroclimate Factors 
3.4.1. Teleconnections  
To understand the influence of teleconnections on snowpack accumulation, SOI 
and PNA data from NOAA, as well as PDO values from the Joint Institute for the Study 
of the Atmosphere and Ocean (a collaboration between NOAA and the University of 
Washington) provide monthly measurements over the study period. To compare these 
values with hydroclimatic metrics, correlation matrices describe the relationship between 
winter (October-March) ENSO and SNOTEL measurements across the study regions. In 
addition, ENSO, PDO and PNA values were compared to discharge values at various, 
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longer-term, temporal scales to examine potential relationships using a larger sample 
dataset based on a longer recording history.  
3.4.2. Dust on Snow 
Total annual mass loading values were calculated from measurements by the 
Center for Snow and Avalanche Studies’ Colorado Dust-on-Snow Program, a dataset 
which provides a record of dust events dating back to 2010 (Landry et al., 2014). Located 
near the Red Mountain Pass SNOTEL site and within the headwaters region of the 
Uncompahgre River (09146200), the Swamp Angel Study Plot provides a resource for 
comparing dust accumulation and annual hydroclimatic characteristics over local and 
regional scales (Figure 3.10). Because mass loading values can directly impact runoff by 
decreasing snowpack albedo and accelerating runoff rates (Bryant et al., 2013), dust 
measurements were analyzed in relation to both the absolute SM100 rate and the 
expected SM100 rate based on annual SWE totals.  
 
3.5. Trend Analysis  
The Regional Kendall Test (RKT) is a non-parametric statistical method capable 
of detecting non-linear trends in data for which high inter-annual variability and/or short 
records mean that trends cannot be detected using standard linear regression techniques. 
Thus, RKT provides a powerful tool for environmental research involving climatic 
datasets such as those derived from SNOTEL or stream gauge measurements (Clow, 
2010; Rangwala and Miller, 2010; Harpold et al., 2012). To measure trend, RKT first 
conducts the Mann-Kendall test for individual sample locations. A process which 
compares each data point to every other observation at a particular site. If the measured 
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variable increases/decreases over time for a pair of data points, a +1 / -1 is assigned, and 
the sum (S) of all iterations is calculated and normalized by the number of observations 
(Belle and Hughes, 1984). The output is a tau statistic ranging from -1 to 1 with -1 
representing a perfect negative trend, 0 corresponding to no trend, and +1 indicative of an 
extreme positive trend. The results for each site are then aggregated across the defined 
region using the Sen slope estimator which takes the median slope between all pairwise 
comparisons, making the output robust against outliers (Clow, 2010). Helsel and Frans 
(2006) first adapted the RKT method from the Seasonal Kendall Test by substituting 
spatial location for month or season.  
To perform this analysis, an available package in R (.rkt) can quickly calculate 
output values indicating 1) if a trend is present, 2) the slope of the trend, and 3) the p-
value of the trend (Marchetto et al., 2013). An r code developed for this project quickly 
imports the data from Excel and performs the RKT analysis across multiple spatial and 
temporal scales. These includes computing the Mann-Kendall Test for individual stations 
as well as the Regional Kendall Test for each of the defined SNOTEL regions during the 
31-year study period. Temperature trends over this period were also analyzed to compare 
regional differences. However, due to concern that changes to temperature sensors 
between 2004 and 2006 (Oyler et al., 2015; Rangwala et al., 2015) may have induced 
artificial bias, data was separated into two additional periods: an early (1992-2003) 
period, roughly corresponding to the time period of previous trend-detection studies 
(Clow 2010; Rangwala and Miller 2010), and a late period (2007-2018), for which trends 
have not been examined. Comparing the two timeframes provides insight into how the 
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rate of change has fluctuated through time and an estimate for how much of the long-term 







4.1. Watershed Geomorphology 
Digital terrain analysis in ArcGIS successfully calculated physiographic variables 
for each watershed using (Table 4.1). To assess the quality of this process, calculated 
drainage area values were compared with those listed on the USGS website (Table 4.2), 
and a majority closely matched with a difference of <0.5% for 6 of the 11 watersheds. 
However, larger (up to 10.8%) discrepancies occurred for several watersheds, pushing the 
overall average error to 3%. To ensure consistency in variable calculations, values 
dependent on a ratio between two delineated variables, such as drainage density or alpine 
area percent, were conducted based on the GIS-calculated total drainage area. However, 
correlations to watershed discharge characteristics were completed based on the USGS 
listed drainage area value. With no other quality checkpoints available, all other variables 
were treated as accurate in the calculated form for the purpose of the analysis.  
Table 4. 1. Physiograph Variables by Watershed 
  A E S L H D HD A2900 Lat 
Gauge No. (km2) (m) (m/m) (km) (m) (km/km2) - (%) (°) 
08284100 1243 2838 0.010 71 1736 0.92 1.59 63 37 
08247500 285 2851 0.010 50 889 0.95 0.85 82 37 
08248000 433 3005 0.013 59 1260 0.83 1.04 87 37 
09124500 878 3318 0.008 76 1972 0.79 1.56 91 38 
09146200 386 3039 0.028 41 2217 0.82 1.82 67 38 
09147000 252 2793 0.038 29 2193 0.94 2.07 54 38 
09165000 275 3240 0.021 32 1769 0.74 1.32 98 38 
09342500 728 2969 0.016 47 1904 0.78 1.48 70 37 
09349800 1691 2639 0.011 81 2089 0.83 1.73 37 37 
09352900 188 3437 0.030 28 1880 0.72 1.36 97 38 




Table 4. 2. Drainage Area Quality Assessment 
  USGS DA Calculated DA Difference 
Gauge No. (km2) (km2) (km2) (%) 
08284100 1243 1226 -17 -1.4 
08247500 285 299 14 4.8 
08248000 433 395 -37 -8.6 
09124500 878 880 2 0.2 
09146200 386 386 0 0.0 
09147000 252 252 1 0.2 
09165000 275 273 -1 -0.4 
09342500 728 728 0 0.0 
09349800 1691 1690 -1 -0.1 
09352900 188 208 20 10.8 
09366500 857 802 -55 -6.4 
  
Geomorphological characteristics indicate that the selected watersheds have a 
wide range of drainage areas which positively correlate to stream length and negatively to 
slope (Table 4.3). While this length relationship matches the Front Range study area of 
Pitlick (1994), the slope does not (0.91 and -0.31 respectively). One potential explanation 
for this difference in the gauge positions. Within this study, larger drainage basins 
(average = 656 km2 compared to 222 km2) likely incorporate relatively more area outside 
of the high-elevation mountainous topography resulting in lower slopes. In particular, 
only a portion of watershed 11 (09366500) falls within the alpine region making it 
somewhat of an outlier. However, center of mass values confirm that snowmelt is the 
primary driver of snowfall, even in this lower elevation basin. Local geology also impacts 
channel morphology and different slope dynamics may reflect bedrock characteristics.  
 
4.2. Flood Frequency Analysis 
Comparison of annual peak discharge measurements over the record of each 
gauge characterize the stream variability within each basin (Figure 4.1). Overall, the 
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regional San Juan Mountains Q100:Qm ratio falls within the range of snowmelt dominated 
areas across Colorado. The 2.50 value for the study area exceeds the 1.96 value of the 
Colorado Front Range (Pitlick, 1994) but falls below the 2.78 value of the North Platte 
River’s headwaters region (Daniels, 2007). For comparison, the convective thunderstorm 
dominate foothills region of Colorado’s Front Range produces a regional value of 8.48 
with individual watersheds exceeding 10 (Pitlick, 1994).   
 
Figure 4. 1. Flood Frequency Curves (Numbers in Key Match Figure 1.1) 
Within the San Juan Region, the Q100 to Qm ratio of individual watersheds varies 
between 1.71 and 3.54 indicating that various local geomorphological and climatological 
variables may influence this ratio at any given gauge point. To understand which factors 































Q100:Qm and the physiographic variables defined in the previous section (Table 4.3). This 
analysis confirms the importance of climate with high elevation areas related to low 
Q100:Qm ratios (r = -0.79). Northern watersheds also show a tendency towards lower flood 
frequency values (r = -0.66), however this could reflect the higher average elevations of 
many of these basins. Drainage Density is also strongly correlated (r = 0.83) to flood 
frequency variance indicating that stream channel morphology may play an additional 
role in directing the concentration of peak flow. While drainage basin size does not 
influence the ratio of these events, the actual magnitude of basin flow (Qm) was most 
closely tied to the total catchment area.  
Table 4. 3. Correlations Between Flood Frequency Values and Physiographic Characteristics  
  Qm Q100:Qm A E S L H D HD A2900 Lat 
Qm 1            
Q100:Qm  1           
A 0.69*  1          
E  -0.79  1         
S   -0.60**  1        
L   0.86  -0.77 1       
H     0.54**  1      
D  0.83  -0.83    1     
HD       0.90  1    
A2900  -0.64* -0.54 0.93    -0.69* -0.76 1   
Lat - -0.66*   0.66*  0.67*    1 
* Significant at 95% level. ** Significant at 90% level. 
All other values are significant at 99% level. Values not listed were not significantly correlated. 
 
 
4.3. Regional Hydroclimate 
4.3.1. Climate and Variability 
Based on monthly SNOTEL measurements, average San Juan temperature 
fluctuates seasonally throughout the year with below freezing monthly temperature 
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averages from November to March (Figure 1.2). This cool period also corresponds with 
elevated precipitation values, a factor important for contributing to the high SWE totals 
of the region. Given the importance of snowpack in regulating the low flood frequency 
variance of this region, correlations between SWE climatic averages against precipitation 
and temperature variables show the different factors influencing the annual snow 
accumulation period across the Colorado SNOTEL network (Table 4.4).  
Table 4. 4. Snowpack and Climate Correlations (Based on Station Averages) 
  Magnitude                                 Temporal                         SWE 
  SWEMax Total SWE SM100 SWEMax Date SWE Start SWE End Days 
Fall P 0.89 0.89 0.78 0.61 -0.75 0.78 0.74 
Winter P 0.92 0.94 0.82 -0.46* 0.55 0.54 0.50* 
Spring P 0.91 0.92 0.75 0.65 -0.79 0.81 0.78 
Annual P 0.95 0.97 0.83 0.55 -0.69 0.75 0.71 
            
Fall T -0.39**   -0.80 0.80 -0.73 -0.76 
Winter T     -0.71 0.70 -0.63 -0.65 
Spring T -0.47* -0.45*  -0.85 0.88 -0.81 -0.83 
Annual T -0.42*     -0.81 0.83 -0.76 -0.78 
* Significant at 95% level.  ** Significant at 90% level.  
All other values are significant at 99% level. Values not listed were not significantly correlated. 
 
Pearson’s correlation coefficients indicate that the magnitude of snowpack and the 
length of snowmelt (approximated by SM100) relate strongly to precipitation variables 
with little connection to temperature. This result supports arguments that the Rockies are 
“insolated” from mid-winter melting or rain events due to the high-elevation topography 
creating a buffer between snow accumulation zones and local 0℃ isotherms (Regonda et 
al., 2005; Mote, 2006). Comparison between temporal variables are less clearly defined 
as either precipitation or temperature driven. However, in general, temperature relates 
more strongly to the length of the snow accumulation season as well as the date of peak 
snowpack. Therefore, temperature increases would not be expected to influence the 
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quantity of snowpack accumulation but could limit the autumn and summer snow cover 
extent by reducing snow-phase precipitation events during these transitional periods. 
 
Figure 4. 2. Climate Controls of SWE Max Magnitude and Timing (Insignificant Values Not Listed) 
Standardized beta coefficients from multivariate regressions (Figure 4.2) 
characterize the impact of precipitation throughout the winter on SWE max. These results 
indicate that contributions from December, January, February, and March measurements 
are roughly equal for explaining inter-annual variability in the San Juan Mountains. For 
the entire Colorado region, inclusion of more northerly stations increases the explanatory 
power of April precipitation. Snowmelt timing, measured by the date of SWE max, 
corresponds primarily to April and March climate conditions. However, positive beta 
coefficients between SWE Max date and December temperatures may reflect a shift in 
the timing of the entire snow accumulation period. Taking spring conditions into account, 
precipitation (0.60) produced a slightly larger beta coefficient than temperature (-0.38) 
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results indicate that precipitation controls on snowpack magnitude reflect a longer time 
span than the specific timing of peak snowpack which is more sensitive to a tightly 
defined period of both spring precipitation and spring temperature conditions. 
Table 4. 5. Average Climate Characteristics by Region 
  Annual T Annual Pre Total SWE SWE Max Date SWE Days 
W. San Juan 2.1 1025 517 185 200 
E. San Juan 2.3 1049 559 184 201 
Sangre de Cristo 3.1 825 324 172 178 
Central Co 1.4 984 540 194 212 
Upper Co. River 1.0 883 473 198 218 
White/Yampa 2.7 1147 663 193 214 
Platte 1.7 1139 633 201 226 
San Juans 2.2 1035 534 184 200 
Total Colorado 1.9 1027 550 191 210 
 
Compared to the broader Colorado region, the San Juan Mountains generally 
experience slightly higher temperature and precipitation values with lower snowpack 
totals, earlier maximum SWE dates, and a shorter overall snowpack period (Table 4.5). 
The relationship for all of these variables between the two regions are consistent across 
the 31-year record with an exception that total snowpack fluctuates with greater average 
maximum SWE in the San Juan Region for 45% of sample years.   
Table 4. 6. Annual Climate Correlations Between SNOTEL Regions 
  Annual T Annual Pre Total SWE SWE Max Date SWE Days 
Annual T 1     
Annual Pre  1    
Total SWE  0.95 1   
SWE Max Date -0.77*  0.69* 1  
SWE Days -0.71*  0.77* 0.99 1 
* Significant at 95% level. ** Significant at 90% level.  
All other values are significant at 99% level. Values not listed were not significantly correlated. 
 
Differences between SNOTEL regions (Table 4.6) match inter-annual variability 
within the San Juan Mountains (Table 4.4). Warmer regions and years correlate with 
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earlier SWE maximums and fewer days of snow cover while higher precipitation areas 
record correspondingly greater SWE totals. However, comparisons between regions are 
complicated by the changing elevation dynamics between regions. Overall, SNOTEL 
stations in southern regions like the San Juan or Sangre de Christo Mountains tend to 
have locations at higher elevations, possibly due to greater accessibility of higher 
elevation locations resulting from generally warmer temperatures (Serreze, 1999).  
4.3.2. Elevation and Latitude 
 Table 4. 7. Physiographic and Climate Correlations Across SNOTEL Sites  
   Colorado Region   San Juan Region  
   Elevation Latitude   Elevation Latitude  
 SWE Max 0.34 0.30   0.54    
 SWE Max Date 0.54 0.45  0.87    
 SM100 0.32     0.421*    
 SWE Start Date -0.43 -0.57  -0.88 -0.39**  
 SWE End Date 0.55 0.38  0.87    
 SWE Days 0.55 0.40  0.87    
 SM50 date 0.31 0.42  0.41*    
 SWE:PRE 0.30 0.37   0.479*    
 Fall P 0.35     0.59    
 Winter P  0.19**      
 Spring P 0.28* 0.50  0.63    
 Summer P 0.62 -0.55  0.62    
 Annual P 0.33 0.22**   0.52    
 Fall T -0.60 -0.29*   -0.77 -0.41*  
 Winter T -0.47 -0.36  -0.65 -0.36**  
 Spring T -0.76 -0.20**  -0.90 -0.38**  
 Summer T -0.85   -0.84    
 Annual T -0.72     -0.83 -0.38**  
 * Significant at 95% level.   ** Significant at 90% level.   
All other values are significant at 99% level. Values not listed were not significantly correlated. 
 
The elevation of measurement locations plays a strong role in controlling average 
annual temperature across the SNOTEL dataset (r = -0.72). Correlations with annual 
precipitation are lower (r = 0.33) and fluctuate seasonally with r values as high 0.62 in the 
summer and no statistically significant relationship during winter months. This 
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potentially stems from the meteorological mechanisms controlling precipitation with 
convective summer storms more elevation dependent than the frontal systems dominating 
winter precipitation (Pitlick, 1994; Sheppard et al., 2002). Looking at the isolated San 
Juan sample, SNOTEL elevation provides an even higher control on annual temperatures 
(r = 0.83) with a lower seasonal variation in precipitation (r = 0.59-0.63).  
The links between elevation and temperature manifest themselves in SWE 
through stronger relationships to temporal rather than magnitude variables (Table 4.7). 
For instance, within the San Juan dataset, correlations between elevation and the date of 
maximum SWE (r = 0.87) exceed that of maximum SWE (r = 0.54). The fact that 
elevation correlates with SWE and not winter precipitation may reflect the influence of 
temperature in producing and maintaining SWE throughout the season and/or the 
important contribution of spring snowstorms to maximum SWE. 
In comparison, latitude is a relatively minor control on temperature, and within 
the San Juan region, the only correlation with a p-value < 0.05 occurs with fall 
temperatures. However, across the broader Colorado dataset, stronger correlations with 
latitude become apparent. SNOTEL stations farther north appear to have slightly cooler 
winter temperatures (-0.36) resulting in later maximum SWE dates and a longer overall 
snowpack period. A negative relationship with summer precipitation may reflect the 
importance of the North American Monsoon to the southern portion of the state. Overall, 
elevation plays the most significant role in determining local climate, but as geographic 
extent increases, latitude becomes a more prominent control. 
Multi-variate regressions using elevation and latitude as predictor variables on 
station climate characteristics confirm this fact (Table 4.8). When analyzing the San Juan 
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dataset, the elevation coefficients are much greater than those of latitude. However, for 
the entire Colorado region, standard beta coefficients tend to become more equal, with 
only a slight edge towards elevation.  
Table 4. 8. Physiographic and Climate Regressions (Beta Coefficients) 
  Colorado Region San Juan Region 
  Elevation Latitude Ratio Elevation Latitude Ratio 
SWE Max 0.51 0.48 1.1 0.56 -0.08 -7.4 
SM100 0.38 0.17 2.3 0.43 -0.04 -10.0 
SWE Max Date 0.81 0.75 1.1 8.03 -0.03 -267.6 
SWE Days 0.81 0.75 1.1 0.88 0.04 22.6 
Annual P 0.48 0.39 1.2 0.51 0.08 6.5 




Correlations between SOI values and annual SWE max values show no 
relationship between the two variables in the San Juan region (Table 4.9; Appendix G). 
Areas further north show a small connection to January-February SOI measurements with 
r values ranging from 0.30 to 0.33 for the Upper Colorado, Yampa/White, and Platte 
regions. However, coefficients were only statistically significant at the 90% level. In 
contrast, the Sangre De Christo Mountains had similar magnitude, but opposite sign, 
relationships between SOI and SWE max. These results match previous observations that 
Colorado corresponds to a transitional region with an overall low ENSO teleconnection 
for the region, but a slight edge towards wetter El Nino conditions in the south and dryer 
conditions in the north (Cayan et al., 1999; Clark et al., 2001). 
The main source of teleconnection induced variability results from controls on 
precipitation, however, the timing of these impacts is noteworthy (Table 4.9). In the 
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northern regions, winter precipitation more strongly (positively) correlates to SOI values, 
whereas ENSO forcing appears more related to springtime precipitation in the southern 
Sangre De Christo region. Thus, ENSO conditions not only impact the magnitude of 
annual snowpack, but also shape the timing of the accumulation pattern between years. 
This fact may explain the relationship between date of SWE maximum and SOI for only 
this region, but it should also be noted that far fewer SNOTEL stations were available for 
the Sangre De Christo region, making results for this area potentially less reliable than 
other locations.  
Table 4. 9. Correlations Between Oct-Mar SOI and Climate Variables by Region  
  Winter PRE Spring PRE SWE Max SWE Max Date 
W. San Juan         
E. San Juan      
Sangre de Cristo  -0.314** -0.322**   
Central Co 0.336**     
Upper Co. River 0.436*     
White/Yampa 0.408*     
Platte 0.456*     
San Juans      
Total Colorado 0.313**       
* Significant at 95% level.  ** Significant at 90% level.   
All other values are significant at 99% level. Values not listed were not significantly correlated. 
 
While no SOI relationships were observed for the San Juan SNOTEL stations, the 
longer streamflow record provides a more appropriate venue for examining longer scale 
teleconnections. By computing a running average of annual discharge and SOI values, a 
general trend becomes much clearer relating periods of El Nino to increased streamflow 
(Figure 4.3). However, SST phases do not adequately explain inter-annual variability in 
annual discharge, and coarser resolution relationships between ENSO and PDO are 
apparent through correlations at various temporal scales (Table 4.10). Thus, El Nino and 
 
41 
positive phases of PDO over decadal resolution provide a potential forcing mechanism 
associated with higher streamflow in the San Juan region over extended periods of time. 
Only minimal relationships between discharge and PNA values were observed. 
Table 4. 10. Correlations between Teleconnections and Discharge at Various Temporal Scales 
  Annual 5-yr Average 10-yr Average 
SOI -0.254* -0.454 -0.639 
PNA  -0.234**   
PDO 0.275* 0.601 0.724 
* Significant at 95% level.  ** Significant at 90% level.  
All other values are significant at 99% level. Values not listed were not significantly correlated. 
 
 
Figure 4. 3. Relationship Between Discharge and SOI Using (a) Annual and (B) 10yr-Average Values 
 
4.5. Streamflow Modeling 
Regression analysis of annual discharge across the region indicates the 
importance of precipitation factors in describing the inter-annual variability of discharge 
within the San Juan Mountains (Table 4.11). In Models 1.1 and 1.3, temperature variables 
entered into the model showed no statistical significance. Peculiarly for Model 1.2, the 
standardized beta coefficient for cold-season temperature indicates a positive relationship 
with streamflow. However, re-running this analysis with a stepwise regression method 
produces two models which only incorporated precipitation variables, an indicator that 
temperature does not play major factor in this analysis (Appendix H). The higher 
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temporal-resolution of Model 3 confirms the strong importance of snowpack dynamics 
on moderating annual streamflow with a beta-coefficients relationship of “winter > spring 
> fall > summer” mimicking the relative importance of precipitation towards controlling 
annual SWE max (Table 4.4).  
Table 4. 11. Beta Coefficients from Multivariate Linear Regression of Precipitation & Temperature 
against Annual Q 
Model 1.1 Model 1.2 Model 1.3 
Annual Semi-Annual Seasonal 
R2:   0.922 R2:   0.859 R2:   0.946 
Annual P:   0.96 Oct-Mar P:   0.81 Fall P:   0.26 
   Apr-Sep P:   0.19 Winter P:   0.67 
       Spring P:   0.42 
        Summer P:   0.09*** 
Annual T:   0.08*** Oct-Mar T:   0.26 Fall T:   0.06*** 
   Apr-Sep T:   -0.27 Winter T:   0.12*** 
       Spring T:   -0.15*** 
        Summer T:   -0.02*** 
*** Indicates a lack of statistical significance (p>0.1).    
 
When modeling regional March-July runoff volumes, the key predictive factor is 
SWE depth, and for model performance, the more information available represented by 
model inputs, the better the results. Total SWE (a measure of SWE max and post SWE 
max accumulation) model outperformed SWE max which outperformed April 1 SWE 
(Figure 4.4; Table 4.12). However, the predictive usefulness of each model must also be 
considered given that earlier discharge forecast provides more time for decision makers 
to act to manage concerns related to water demands and annual drought. Incorporation of 
additional variables (SWE Length) in the stepwise procedure resulted in only minor 
improvements of model performance (Appendix H). These results indicate that the 
“missing” predictive power of SWE max is a result of not capturing precipitation which 
has yet to happen more so than an inability of the SNOTEL network to estimate the total 
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snowpack volume of the region. Therefore, inclusion of Post Max SWE and Total SWE 
metrics in SWE climatic analysis can provide valuable insight into water year conditions. 
4.5.1. Runoff-Period Streamflow Modeling 
 
Figure 4. 4. Linear Regression Models of May 15–July 15 Discharge using SWE and Winter Precipitation 
 
Figure 4. 5. Relationship Between Elevation and Correlation Coefficient to Either SWE Max or Total SWE  
Within individual watersheds, optimal SWE forcing on streamflow depends on 
watershed characteristics and particularly average elevation (Figure 4.5). Snowmelt-
period discharge in lower elevation drainage basins correlates better to SWE max than to 
















































































picked up during the defined timeframe or that spring storms which add to Total SWE are 
more dominant in higher-elevation alpine areas.  
4.5.2. Streamflow Timing 
Table 4. 12. Correlations Between Annual Discharge and Climate Variables 
  Qannual Qsm Qls Q20 Q50 Q80 Q20-Q80 
SWE Max 0.90 0.93 0.37* 0.71 0.61 0.31** -0.67 
SWE Max Date 0.40* 0.39* 0.36* 0.53 0.53 0.33** -0.43* 
April 1 SWE  0.82 0.87  0.67 0.54  -0.67 
Total SWE 0.93 0.96 0.38* 0.72 0.67 0.34** -0.67 
SWE Start         
SWE End 0.90 0.90 0.49 0.80 0.87 0.50 -0.67 
SWE Length 0.76 0.73 0.45* 0.45* 0.63 0.31** -0.37* 
SWE Days 0.81 0.78 0.52 0.58 0.71 0.41* -0.46* 
SM100 0.70 0.72  0.46 0.54  -0.41* 
SM50 Date 0.82 0.83 0.45* 0.79 0.83 0.48 -0.67 
SM50 0.65 0.68  0.48 0.52  -0.43*  
Post Max SWE 0.47 0.47   0.53    
SWE:PRE 0.49 0.61   0.431*     -0.62 
Annual PRE 0.92 0.87 0.71 0.67 0.77 0.58 -0.47 
Cold Season PRE 0.89 0.90 0.37* 0.57 0.53  -0.54 
Warm Season PRE 0.47 0.35** 0.81 0.45* 0.69 0.72   
Fall PRE 0.57 0.46 0.48  0.38*    
Winter PRE 0.66 0.72  0.45*   -0.50 
Spring PRE 0.61 0.57 0.48 0.56 0.75 0.45* -0.41* 
Summer PRE   0.79 0.35** 0.47 0.62   
Late Summer PRE     0.70     0.66   
Annual Temp -0.34** -0.31** -0.38* -0.41* -0.35**   0.32** 
Cold Season Temp         
Warm Season Temp -0.53 -0.48 -0.56 -0.54 -0.56 -0.43* 0.39* 
Fall Temp -0.34** -0.32**  -0.36* -0.34**  0.33** 
Winter Temp         
Spring Temp -0.47 -0.43* -0.48 -0.49 -0.56 -0.42* 0.33** 
Summer Temp -0.44* -0.41* -0.41* -0.48 -0.41*  0.42* 
Late Summer Temp     -0.34**         
* Significant at 95% level.   ** Significant at 90% level.    
All other values are significant at 99% level. Values not listed were not significantly correlated. 
 
Analyses of climatic factors influencing regional Q20 (snowmelt onset), Q50 
(center of mass), and Q80 (snowmelt completion) suggest that seasonality of precipitation 
in a given year is the primary driver of streamflow variability (Table 4.12). The impact of 
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snowpack in controlling streamflow is evident from the positive correlations to winter 
precipitation for all three timing values. Because the length of snowmelt (SM100) and, to 
a lesser degree, SWE Max date respond positively to higher snowpack (Table 4.4), wetter 
years tend to have delayed runoff, regardless of temperature.  
 
Figure 4. 6. Relative Importance of Seasonal Precipitation Variability on Streamflow Timing 
Regression models using precipitation values highlight the relative influence of 
each season to streamflow timing (Figure 4.6). When comparing standard beta 
coefficients between Q20, Q50, and Q80 dates, an expected shift occurs from the 
importance of winter precipitation to summer. On average, the study watersheds reach 
these threshold values on April 4th, May 21st, and June 24th for Q20, Q50, and Q80 
respectively. Thus, it is unsurprising that June-August precipitation plays a more 
important role for Q80, whereas December-May values influence Q20 timing. However, 
this may have implications for the shape and attenuation of the annual hydrograph with 
changing hydroclimatic conditions altering snowpack or summer precipitation dynamics.  
 While precipitation is clearly a driver of inter-annual variability in the region, 
basin characteristics define the differences between watersheds. Specifically, average 
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suggesting the stronger influence of temperature in controlling early snowmelt timing 
(Table 4.13). Q80 and the length between Q20 and Q80 more strongly correlate to slope 
and relief, which indicates that the temperature variability and different periods of melt 
within watersheds plays a more important role for determining the length and conclusion 
of snowmelt runoff. 
 Table 4. 13. Basin Morphology and Streamflow Timing  
   Q20 Q50 Q80 Q20-80  
 Area          
 Elevation 0.674* 0.769     
 Slope   0.725* 0.758  
 Length       
 Relief   0.755 0.706*  
 Drainage Density -0.69* -0.809     
 Ruggedness -0.659*   0.761  
 Alpine Percent 0.655* 0.891 0.539**    
 Position (Latitude)  0.736* 0.926 0.652*  
 Average Precipitation 0.58**        
 * Significant at 95% level.   ** Significant at 90% level.  
All other values are significant at 99% level. Values not listed were not significantly correlated. 
 
4.5.3. Influence on Late-Summer Flow 
Impacts of cold season characteristics are minimal with the primary driver of 
August-September discharge being summer (June-August) and late summer (August-
September) precipitation (r = .791 and .703) respectively. The higher correlation with the 
earlier period, which only partially overlaps the discharge, may reflect the influence of 
groundwater flow paths. A relatively weak correlation to SWE total suggests a delay on 
the order of 1-2 months rather than from snowmelt induced subsurface storage. The 
abundance of rock glaciers throughout the region may play an additional role in 
contributing to the groundwater moderation of streamflow (Mateo and Daniels, 2019). 
Higher variability in the summer (standard deviation of 5.0cm) compared to late summer 
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(4.7cm) may also contribute to predictive power of variability, however differences are 
small.  
Temperature appears to only minimally impact the inter-annual variability of late-
summer discharge with the only statistically significant relationship at the p < .01 level 
represented by a r = -0.48 correlation with spring temperature. Rather than increased 
evapotranspiration, this likely reflects a shift of the hydrograph earlier in the season with 
cooler temperatures influencing later and/or more subdued snowmelt, thus pushing the 
tail of the runoff hydrograph into August. Strong correlations between late summer 
discharge with both SWE end date (r = .49) and SWE days (r = .52) further support this 
idea. 
 
4.6. Dust on Snow 
 
Figure 4. 7. Relationship Between Total SWE, SM100, and Dust Mass Loading Balues 
With a short record of annual dust accumulation measurements in the region, 
connections between SWE characteristics and dust values did not produce meaningful 
results. In all cases, the study years produced SM100 values greater than or equal to the 
expected value based on snowpack totals (Figure 4.7a). While this relationship may 
provide an indication that warmer temperatures over recent years correspond to faster 
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snowmelt when controlled for by precipitation, the two values with greatest deviation 
from the trend did not correspond to high dust loading years.  Simply plotting SM100 
against total dust shows the expected negative relationship between the two values Figure 
4.7b). However, the connection lacked statistical significance and more accurately 
described variance in total San Juan SM100 than the nearby Red Mountain Pass SM100. 
 
4.7. Changing Hydroclimate 
4.7.1. Temperature 
Trend detection using the Mann-Kendall Test for individual SNOTEL sites shows 
widespread warming across the Colorado region with all 79 stations measuring a 
statistically significant increase in average annual temperature ranging between 0.6 to 
1.7℃/decade for both the entire (1988-2018) and recent (2007-2018) periods (Appendix 
I). No relationship between elevation and magnitude of warming trend was observed 
(Figure 4.8), but this may result from a bias within the SNOTEL dataset to a relatively 
tight elevation range rather than a definitive conclusion (Serreze, 1999). Comparisons 
between different regions using RKT also reveals relative uniformity across the study 
area with values ranging between 0.9 and 1.2℃/decade.  
 
Figure 4. 8. Lack of Relationship Between Temperature Trends and Elevation of SNOTEL sites   
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Given concerns about changes to temperature sensors which occurred between 
2004 and 2006 (Oyler et al., 2015; Rangwala et al., 2015), isoalted early (1992-2003) and 
late (2007-2018) period warming trends were compared. Warming trends increased 
between the two periods for every region (between 0.3 and 0.6℃/decade) except the 
Sangre De Christo Mountains (decrease of 0.1℃/decade) (Figure 4.9). For the broader 
Colorado region, average temperatures increased 0.4℃/decade from 0.9 (early) to 
1.3℃/decade (late). These rates are in line with the entire period which records a 
+1.0℃/decade trend from 1988 to 2018, suggesting that the SNOTEL record may not 
show the level of bias originally theorized. The higher slope for the recent timeframe 
compared to the earlier study period also provides an indication that not only are 
temperatures warming, but that the rate of change is also increasing.  
 
Figure 4. 9. Temperature Trends by Region 
Seasonally, positive temperature trends were observed throughout the year with 
greater increases during winter months (Figure 4.10). Fall (Oct-Dec) temperature 
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changes were not statistically significant over the most recent 2007-2018 period. 
Corresponding positive increases of temperature minimums and maximums were also 
observed throughout all of the study areas and study periods. Previously reported 
seasonal differences of greater relative Tmin warming during winter months and Tmax 
increases in summer (Rangwala and Miller, 2010) were not observed for this study. In all 
cases, Tmin changes outpaced Tavg increases, and Tmax trends fell below average. 
However, differences were minimal (<0.1℃/decade) and did not vary seasonally.  
 
Figure 4. 10. Temperature Trends by Season 
4.7.2. Precipitation and Snowpack 
Overall, SNOTEL measurements of snowpack indicate a reduction of SWE max 
throughout the study area, including a 4.7%/decade decline in the San Juan Region and 
2.4%/decade decline for the more expansive Colorado region. However, these trends are 
offset by increasing post max SWE meaning that few statistically significant decreases in 
Total SWE are observed (Figure 4.11). A result which indicates that the previously noted 
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than an overall reduction of SWE. With earlier melt, spring storms act to increase the 
Total SWE value but without a 2nd peak that exceeds the initial SWE max point.  
 
Figure 4. 11. Snowpack Magnitude Trends by Region 
        
     Figure 4. 12. Snowpack Timing Trends                Figure 4. 13. Precipitation Trends by Season     
While shifts towards earlier SWE timing metrics are observed for both SWE max 
date and SWE end, greater trends for SWE max date result in a corresponding 
lengthening of time between these two dates (SM100). An increase concentrated during 
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(Figure 4.12). Analyses of the length of time between SM50 date and SWE End showed 
no statistically significant relationship for this study period.   
Where observed, changes to annual precipitation were negative with median 
decreases of -3.1 and -1.9 cm/decade for each of the total San Juan and Colorado regions, 
representing approximately 3% and 1.9% of average regional annual precipitation 
respectively (Table 4.5). These trends show greater seasonality compared to temperature 
with consistent decreases of summer precipitation and increases during winter months 
(Figure 4.13). Annual precipitation trends are less consistent throughout the study area, 
and only 7 individual stations recording statistically significant reductions to annual 
precipitation over the study period, no more than 2 of which came from the same region.  
4.7.3. Discharge 
Changes to streamflow are minimal with few individual basins showing 
statistically significant trends for either discharge magnitude or timing. Regional shifts in 
flow volume are also limited with slight decreases over the 1955-2018 period, but only at 
the 90% confidence level, and no matching response for the more recent 1988-2018 
SNOTEL period (Table 4.14). Recent, significant decreases in late summer flow reflect 
similar trends in summer precipitation (Figure 4.13). From RKT analysis using z-scores, 
relative decreases between the snowmelt and late summer periods appear to reflect 
relative discharge volumes rather than a seasonal variation of trend slopes.  
The only streamflow trends which are significant at the 99% confidence level are 
related to shifts in the timing of discharge. A move towards an earlier, extended 
snowmelt streamflow period is apparent from decreasing Q20 and increasing Q20-80 
values. This stronger trend towards earlier discharge timing, particularly in the snowpack 
 
53 
controlled Q20 metric rather than actual discharge volumes, reflects the previously 
calculated relationship between temperature and precipitation on streamflow values 
(Figure 4.2). With large increases in temperature and minimal shifts in precipitation, a 
shift in streamflow timing is expected based on the established climatic controls on 
annual discharge variability (Table 4.12). Compared to similar analysis, the directionality 
of this seasonal change remains the same, however at a lower magnitude (Clow, 2010). 
The lower Sen's slope value potentially reflects the lessened statistical power of a smaller 
number of sample gauges in this more spatially confined study.  
Table 4. 14. Trends in Streamflow Timing and Magnitude  
  1955-2018 1988-2018 
Annual Q (cms/decade) -0.04**   
Snowmelt Period Q (cms/decade) -0.09**   
Late Summer Q (cms/decade) -0.01** -0.03* 
Annual Q (z scores/decade) -0.04**   
Snowmelt Period Q (z scores/decade) -0.04**   
Late Summer Q (z scores/decade) -0.03** -0.11* 
Q20 (days/decade) -2.50 -3.69 
Q50 (days/decade) -1.00   
Q80 (days/decade) -1.00   







5. Discussion and Conclusions 
5.1. Physiographic Controls on Streamflow 
Spatial location plays a major role in characterizing the hydroclimate of the 
region, and at more local scales, elevation controls on temperature impact the timing of 
melt throughout a basin. Annually, snowpack derived runoff in alpine watersheds is 
delayed relative to those at lower altitudes and correlates more closely to Total SWE than 
SWE Max. Basins with greater relief experience a more gradual melt-season with a 
lengthy Q20-80 period indicative of different melt periods throughout the catchment area. 
Over larger scales, latitude becomes a more significant factor in influencing 
climatological differences between regions with more northernly SNOTEL sites 
observing later SWE Max dates associated with cooler temperatures.  
With high average elevations, discharge patterns within the sample area resemble 
alpine regions throughout the Southern Rockies region. Flood frequency measurements 
(Q100:Qm) ranging from 1.7 to 3.5 match values from elsewhere in Colorado for snowmelt 
dominated basins (Pitlick, 1994; Surian & Andrews, 1999; Daniels, 2007), and high 
correlations with average basin elevation and alpine area % reflect the influence of 
snowpack processes on controlling peak annual discharge variability. Morphological 
factors including drainage density also play a role in concentrating peak values, but total 
drainage area does not, an indication that changes to flood variability throughout a basin 
reflect climatological differences rather than catchment size.  
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 However, drainage area does impact gauge values through controls on the 
magnitude of total annual discharge and peak annual discharge values. Thus, the size of 
the basin sets the baseline conditions at any given point along a stream channel by 
characterizing the available precipitation input to the system, whereas conditions such as 
precipitation variability and drainage density reflect the ability of a basin to concentrate 
streamflow into extreme events.  
 
5.2. Climatological Controls on Streamflow 
In comparison to larger scale watersheds, such as the Upper Colorado River Basin 
(McCabe et al., 2017), direct proximity to the snow accumulation source region elevates 
the role of precipitation in regulating annual discharge values. With less distance to 
travel, climatic influences on gauge characteristics more closely resemble snowpack 
dynamics than the intermediate impacts of evaporation or interactions with soil/ground 
water during transit. Higher elevation SNOTEL sites, such as those in Colorado, show 
greater sensitivity to precipitation variability than to temperature (Serreze 1999; Mote, 
2006). Correspondingly, the magnitude of streamflow, particularly during the snowmelt 
period, in these basins is largely regulated by winter precipitation and Total SWE 
characteristics. The temperature influence is relatively minor but with a negative 
relationship to discharge, particularly in summer. This suggesting that cool-season 
processes are somewhat “insolated” but reduced summer flows are possible during the 
warm season.  
The more prominent hydrologic response to temperature variability within the 
region reflects a shift towards earlier SWE max dates resulting in earlier snowmelt runoff 
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(Q20) and center of mass (Q50) timing associated with warmer springs. Positive 
correlations between later discharge periods and average drainage basin elevation and 
latitude match this relationship. The variable timing of snowmelt induced runoff 
throughout basins is further revealed through the link between Q20-80 length and the 
range of elevations within each basin. However, the seasonality of precipitation also 
influences the shape of water-year hydrographs, particularly with summer precipitation 
on Q80 dates and Total SWE on Q20-80.  
Late summer discharge largely responds to warm season precipitation variability, 
likely a response to the strength of the annual North American Monsoon for which the 
San Juan Mountains represent the northern boundary (Wise, 2010; Leavitt et al., 2011). 
In years with delayed snowpack and >0 SWE measurements persisting into the summer, 
the tail of the runoff period may push into the late summer period, resulting in positive 
Qsm anomalies associated with SWE End. These likely reflect spring and summer 
temperature characteristics rather than precipitation as shown by the absence of statistical 
relationships between Qsm and April 1 SWE, Post Max SWE, or SM100. 
Teleconnections do not appear to play a major role in controlling climate or 
discharge within San Juan Mountain, at least on annual timescales. Weak positive 
correlations in the northern regions of the state and negative coefficients in the Sangre De 
Christo region corresponds with arguments that the hydroclimate of Colorado is centered 
within the transition zone between the Pacific Northwest and American Southwest 
(Cayan et al., 1999; Clark et al., 2001). Observations on longer timeframes match 
previous work on the Upper Rio Grande Basin (Pascolini-Campbell et al., 2017) that 
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indicate that larger scale relationships to teleconnections may exist but that variable 
weather conditions control intern-annual discharge. 
 
5.3. Manifestation of Climate Change within the Region 
The mountainous regions of Colorado have experienced near-universal warming 
over the past 3 decades characterized by positive temperature trends (+0.6-1.7℃/decade) 
for all 79 SNOTEL sites. Comparisons between early and late record periods suggest an 
increasing rate of warming for these regions during the 21st century with relative changes 
between Tavg, Tmin, and Tmax constant. Similarities between the various study periods 
also suggests that methods to homogenize temperature anomalies throughout the record 
(Oyler et al., 2015) may mask natural increases. Elevation dependent warming (Rangwala 
et al., 2015) was not observed for this study, but measurement sites were confined within 
a relatively narrow band of snow accumulation altitudes.  
Relatively constant annual precipitation levels have maintained Total SWE values 
over the study period with changes to SWE Max reflective of earlier seasonal melt 
conditions. However, positive winter precipitation trends may mask decreases associated 
with increasing sublimation (Harpold et al 2012) and changes to SWE:PRE (Regonda et 
al., 2005). The number of days with SWE greater than 0 has also maintained regular 
levels, an indication that changes to snow cover extant, and therefore regional albedo, 
have not been observed. However, these shifts may occur in lower elevation, transitional 
snowpack environments which are not sampled by the distribution of SNOTEL sites.  
With steady precipitation and warmer temperature, gauge records have seen a 
shift towards earlier runoff associated with the timing of snowmelt processes but only 
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minor changes to total discharge quantities. Observed trends are in-line with prior 




These results indicate that warming-related declines in discharge will likely 
influence larger-scale basins such as the Upper Colorado River Basin (McCabe et al., 
2017; Milly and Dunne 2020) more significantly than the alpine source areas. Within the 
San Juan Mountains, both temperature and precipitation exert climatological forces on 
streamflow, but total discharge is controlled primarily by drainage area and precipitation 
quantities. Temperature increases result in advanced melt and can increase the variability 
of hydrologic systems. Continued warming and elevated 0℃ isotherms may begin to 
exert a greater influence on the previously insolated Colorado snowpack, and shifting 
melt seasons, even in the headwaters regions, could extend the irrigation period, further 
stressing ground water reserves and water resource management (Mix et al., 2012). 
Analysis of “Post Max SWE” reveals that earlier melt has also caused an observed 
reduction in SWE Max despite constant Total SWE measurements. Additional work is 
needed to examine the variable snowmelt processes within the study area (Appendix J) as 
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APPENDIX B  D ai age Ba i  A ea  b  E e a i  (c i ed) 
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APPENDIX C  S ea f  Va e  
C.1. Q  ( )  
 1 2 3 4 5 6 7 8 9 10 11 
G : 08284100 08247500 08248000 09124500 09146200 09147000 09165000 09342500 09349800 09352900 09366500 
1988 7.2 0.7 2.6 4.5 3.2 0.5 2.7 8.8 9.5 3.4 0.6 
1989 5.2 0.2 1.6 4.5 3.4 0.4 2.3 8.1 8.4 3.6 0.4 
1990 12.8 0.9 3.9 6.2 4.7 0.9 3.1 11.9 11.5 3.9 0.6 
1991 11.7 0.4 2.6 4.9 4.6 1.0 3.3 11.3 12.4 3.8 1.0 
1992 16.2 1.3 4.9 7.1 5.3 1.0 5.1 15.6 16.6 5.1 2.1 
1993 13.1 1.0 3.7 5.1 4.0 0.7 2.8 10.4 10.0 3.2 0.6 
1994 19.4 1.3 5.1 9.1 6.7 1.9 5.4 17.4 16.4 5.8 1.3 
1995 4.5 0.2 1.8 5.9 4.2 0.7 2.5 5.4 4.2 2.7 0.4 
1996 12.4 0.9 4.0 8.9 6.7 1.9  14.1 17.3 6.0 1.6 
1997 10.1 0.5 3.0 6.0 4.6 1.0  10.8 10.4 3.6 0.9 
1998 9.9 0.6 3.1 8.8 5.2 1.4 4.7 12.9 14.4 5.5 0.8 
1999 3.5 0.2 1.2 5.9 3.6 0.8 2.6 5.0 6.3 2.6 0.6 
2000 8.8 0.5 2.9 6.3 4.2 0.7 3.4 11.2 11.6 4.6 0.6 
2001 1.3 0.1 0.5 2.3 2.1 0.4 1.1 1.7 1.5 1.2 0.1 
2002 6.5 0.4 1.9 4.7 3.8 0.7 2.7 5.8 4.9 2.7 0.4 
2003 6.6 0.5 2.5 5.3 4.5 0.7 4.1 9.3 9.2 3.6 0.5 
2004 14.4 0.9 4.3 6.6 5.3 1.0 4.6 17.4 18.4 5.9 1.6 
2005 4.5 0.2 1.8 6.2 4.3 0.7 2.8 7.5 7.5 3.7 0.4 
2006 9.5 0.5 3.1 7.3 5.4 1.1 4.1 12.5 11.7 4.9 0.6 
2007 13.6 1.1 4.5 8.2 6.0 1.5 4.3 14.2 15.5 4.3 0.9 
2008 10.4 0.8 3.7 6.9 5.1 1.0 3.7 10.3 9.2 3.4 0.4 
2009 9.0 0.8 3.1 4.8 4.8 1.0 2.9 9.0 10.4 3.3 0.6 
2010 7.5 0.3 2.5 7.0 5.7 1.0 3.5 9.5 8.5 3.8 0.5 
2011 5.7 0.3 2.0 3.7 2.9 0.6 2.1 7.0 6.8 2.8 0.3 
2012 3.5 0.1 1.2 4.2 3.2 0.6 2.0 6.7 7.5 2.8 0.2 
2013 5.2 0.3 2.0 8.1 4.8 1.1 3.6 8.6 8.6 3.7 0.3 
2014 8.3 0.4 2.5 7.5 4.6 1.0 3.9 9.7 11.0 4.3 0.4 
2015 7.9 0.4 2.7 6.6 4.9 1.1 3.8 10.3 9.8 4.1 0.4 
2016 15.7 1.1 4.7 7.8 5.2 1.1 4.5 12.3 11.9 4.5 0.6 
2017 3.5 0.2 1.6 3.5 2.4 0.3 1.0 4.2 2.8 1.6 0.1 
2018 14.5   9.2 5.5 1.0 4.7 15.3 15.1 6.3  
A * 9.1 0.6 2.8 6.2 4.5 0.9 3.4 10.1 10.3 3.9 0.7 
*Table di la  da a f   1986-2018 a e  ea   ma ch SNOTEL clima e da a. H e e , a e age   
 a e calc la ed f m a l nge  (1955-2018) e i d and he ef e ma  n  e ac l  ma ch he e en ed da a  
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APPENDIX C  S ea f  Va e  (c i ed) 
C.2. Q  ( )  
 1 2 3 4 5 6 7 8 9 10 11 
G : 08284100 08247500 08248000 09124500 09146200 09147000 09165000 09342500 09349800 09352900 09366500 
1988 63.4 8.0 20.0 21.4 12.0 1.8 16.3 46.4 42.5 16.1 2.8 
1989 51.0 2.9 11.4 44.2 25.5 2.2 20.2 70.8 57.5 27.6 3.8 
1990 110.2 13.0 33.1 39.6 23.8 3.4 18.6 61.7 71.9 19.9 4.1 
1991 90.0 5.6 19.1 27.4 19.4 5.5 19.7 66.0 57.5 16.3 10.0 
1992 141.0 17.5 44.5 49.8 28.6 3.9 37.4 112.7 78.2 30.9 12.2 
1993 122.3 12.7 35.7 42.8 21.9 2.9 23.6 65.4 46.2 21.0 2.4 
1994 144.1 15.7 35.4 60.3 40.2 8.3 42.8 115.5 93.2 38.2 9.7 
1995 67.4 3.1 16.7 39.6 23.8 1.8 24.8 45.3 25.8 17.9 2.2 
1996 97.1 9.9 32.0 54.1 37.9 7.7  98.5 87.2 32.3 10.7 
1997 81.3 8.1 25.0 32.3 20.0 5.1  58.6 42.5 19.7 4.4 
1998 73.6 6.6 21.7 43.9 31.7 17.0 22.4 51.5 58.0 23.9 3.5 
1999 43.6 1.9 10.4 41.6 19.7 4.0 20.7 33.1 38.8 26.3 5.1 
2000 82.1 7.2 28.6 35.7 18.8 4.1 23.8 83.3 65.7 33.4 4.4 
2001 9.5 0.5 3.7 10.1 7.7 2.9 4.3 6.7 8.7 11.3 0.5 
2002 54.7 6.3 15.0 41.9 34.5 5.4 25.2 57.8 37.1 26.7 10.8 
2003 57.2 5.3 23.2 34.0 23.1 3.0 23.8 69.9 47.0 41.6 5.1 
2004 191.1 10.1 44.2 45.6 30.6 6.0 46.2 125.2 100.5 42.2 14.7 
2005 38.8 2.7 12.7 35.4 20.6 3.4 18.7 40.2 30.9 18.9 2.2 
2006 79.9 4.6 22.6 36.5 23.4 4.7 28.9 54.4 49.8 51.8 6.7 
2007 102.2 11.9 39.1 46.7 35.4 5.8 34.8 81.3 81.0 30.6 5.2 
2008 114.4 10.1 38.2 47.0 31.7 6.7 32.3 72.5 59.2 27.4 3.2 
2009 85.5 17.8 25.9 40.5 39.4 7.0 30.6 69.4 81.3 28.3 5.7 
2010 70.2 3.2 20.8 46.4 30.9 5.5 32.6 63.4 49.8 28.9 3.3 
2011 61.4 4.2 14.8 18.4 11.0 1.8 13.0 34.8 34.5 12.5 2.3 
2012 36.8 1.4 9.0 27.8 15.8 3.9 14.0 41.9 61.7 19.2 8.0 
2013 52.1 4.0 18.1 56.1 30.0 5.7 26.3 56.4 42.2 28.9 2.3 
2014 88.3 2.8 13.7 54.4 30.6 5.2 32.8 63.1 59.7 40.8 3.7 
2015 60.0 4.0 20.0 50.4 30.9 4.0 31.1 63.1 46.2 29.2 3.2 
2016 118.9 10.8 37.1 47.3 25.8 4.6 28.3 61.4 50.7 23.8 5.1 
2017 88.1 5.5 22.0 21.8 11.0 0.8 9.1 30.0 18.5 11.8 0.8 
2018 99.4   56.6 33.1 6.3 37.4 103.4 88.3 45.3  
A * 83.1 7.2 23.8 40.3 25.4 4.9 25.5 64.6 55.2 27.2 5.3 
*Table di la  da a f   1986-2018 a e  ea   ma ch SNOTEL clima e da a. H e e , a e age   
 a e calc la ed f m a l nge  (1955-2018) e i d and he ef e ma  n  e ac l  ma ch he e en ed da a  
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APPENDIX C  S ea f  Va e  (c i ed) 
C.3. Q  ( )  
 1 2 3 4 5 6 7 8 9 10 11 
G : 08284100 08247500 08248000 09124500 09146200 09147000 09165000 09342500 09349800 09352900 09366500 
1988 17.6 1.8 6.5 8.4 5.5 0.4 6.1 21.2 21.4 7.0 1.1 
1989 12.7 0.6 3.8 10.0 6.7 0.4 5.3 19.3 18.9 7.4 0.8 
1990 31.7 2.5 9.6 13.2 8.7 1.0 6.7 25.9 22.0 6.9 1.2 
1991 30.4 1.1 6.4 10.0 9.0 1.4 7.9 26.1 28.4 7.7 2.6 
1992 44.1 3.7 13.1 16.3 10.9 1.5 13.1 37.2 40.0 11.4 5.3 
1993 35.1 2.8 9.8 11.2 7.7 1.0 7.0 25.5 23.6 7.0 1.1 
1994 50.4 3.5 13.1 17.2 11.8 3.0 12.4 39.9 35.7 11.6 2.6 
1995 10.7 0.5 4.2 12.9 8.5 0.7 6.0 12.1 8.4 6.0 0.6 
1996 32.0 2.5 10.3 18.1 12.3 2.8  32.0 38.4 11.5 3.7 
1997 25.3 1.4 7.4 11.1 8.1 1.2  23.7 21.7 7.0 1.6 
1998 22.6 1.6 7.2 15.9 8.7 1.5 9.0 23.2 23.2 8.7 1.2 
1999 8.2 0.5 2.9 12.3 6.7 1.0 6.3 11.4 14.3 5.9 1.3 
2000 23.7 1.4 7.4 13.3 8.1 0.7 8.1 28.1 28.4 10.3 1.4 
2001 1.8 0.1 1.0 4.0 3.3 0.2 1.9 2.9 2.1 2.2 0.2 
2002 16.3 1.0 4.7 9.2 7.2 0.7 6.4 13.7 11.3 5.3 0.8 
2003 16.3 1.4 6.6 11.2 8.5 0.8 10.7 22.0 21.6 7.3 1.4 
2004 39.1 2.5 11.3 14.2 10.2 1.4 11.5 42.0 44.3 12.4 3.9 
2005 9.1 0.5 4.0 12.0 7.4 0.6 5.8 14.1 12.5 6.3 0.8 
2006 22.3 1.3 7.3 13.7 9.8 1.4 7.5 25.5 22.0 7.9 0.9 
2007 36.0 3.2 12.0 17.0 11.8 2.4 10.6 33.9 36.2 9.2 1.9 
2008 27.6 2.1 9.8 15.8 11.2 1.8 9.6 25.8 21.8 8.1 1.0 
2009 24.0 2.2 8.1 10.2 9.6 1.7 7.2 21.4 24.8 7.0 1.3 
2010 19.6 0.7 6.3 15.0 11.3 1.3 8.6 22.7 19.4 8.4 1.2 
2011 13.5 0.9 4.9 7.3 5.0 0.5 4.8 14.6 14.1 5.6 0.7 
2012 7.3 0.3 2.7 7.2 5.2 0.3 3.6 11.9 11.6 4.6 0.4 
2013 11.3 0.6 5.0 17.1 8.9 1.4 7.7 18.0 16.5 6.7 0.6 
2014 20.5 0.9 6.1 15.7 9.0 1.4 8.8 21.9 23.4 9.3 1.0 
2015 18.7 0.9 6.8 13.7 9.6 1.7 8.6 23.0 20.4 8.1 1.0 
2016 41.5 3.1 12.7 16.2 9.9 1.6 11.1 30.1 27.6 9.7 1.5 
2017 7.0 0.4 3.5 6.4 4.0 0.2 2.0 8.6 5.5 3.4 0.2 
2018 39.3   19.2 10.9 1.7 12.2 38.7 39.4 14.5  
A * 23.1 1.5 7.1 12.7 8.6 1.2 7.8 23.1 22.5 7.9 1.4 
*Table di la  da a f   1986-2018 a e  ea   ma ch SNOTEL clima e da a. H e e , a e age   
 a e calc la ed f m a l nge  (1955-2018) e i d and he ef e ma  n  e ac l  ma ch he e en ed da a  
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APPENDIX C  S ea f  Va e  (c i ed) 
C.4. Q  ( )  
 1 2 3 4 5 6 7 8 9 10 11 
G : 08284100 08247500 08248000 09124500 09146200 09147000 09165000 09342500 09349800 09352900 09366500 
1988 0.96 0.02 0.50 3.33 2.46 0.45 1.14 2.82 3.41 2.37 0.18 
1989 1.67 0.04 0.63 2.54 2.27 0.37 1.57 3.98 5.51 3.54 0.18 
1990 3.36 0.09 1.30 3.42 3.33 1.17 2.17 7.86 11.74 4.03 0.41 
1991 2.87 0.04 1.02 3.65 3.40 1.11 1.40 6.58 5.99 3.27 0.17 
1992 3.07 0.04 1.03 4.19 3.84 1.16 1.74 10.70 9.56 3.92 0.40 
1993 1.75 0.07 0.85 3.12 3.01 1.04 1.08 3.39 3.91 2.14 0.16 
1994 3.63 0.07 1.06 8.63 6.76 2.45 2.64 6.34 5.03 4.43 0.31 
1995 0.72 0.02 0.48 2.69 2.38 0.59 0.97 2.02 2.36 1.62 0.11 
1996 4.56 0.08 1.25 7.32 6.46 2.43  10.28 14.45 6.30 0.85 
1997 1.81 0.02 0.62 4.75 3.38 0.83  3.71 4.86 2.65 0.11 
1998 4.77 0.11 1.53 10.67 5.89 2.70 6.11 17.99 22.20 9.12 1.03 
1999 0.33 0.00 0.32 3.87 2.75 0.73 1.12 1.14 1.79 1.59 0.11 
2000 1.15 0.03 0.49 4.86 3.34 0.98 1.74 4.11 4.26 3.29 0.16 
2001 0.40 0.02 0.19 1.79 1.95 0.59 0.69 0.71 1.06 1.55 0.04 
2002 2.27 0.10 0.70 4.95 3.47 1.19 2.13 2.93 2.81 2.83 0.35 
2003 0.98 0.00 0.48 2.81 3.37 0.55 1.22 5.54 4.95 3.64 0.09 
2004 1.77 0.03 0.63 3.74 3.83 1.24 1.19 4.15 3.83 3.62 0.23 
2005 3.54 0.14 1.46 5.23 4.23 0.77 2.56 7.00 9.52 4.36 0.18 
2006 1.56 0.04 0.55 6.29 4.33 1.43 2.96 4.88 5.58 5.19 0.37 
2007 2.47 0.02 0.78 5.18 4.10 1.33 1.49 5.61 6.18 2.48 0.18 
2008 1.21 0.02 0.54 2.90 2.08 0.42 0.80 1.60 2.00 1.07 0.03 
2009 1.59 0.01 0.52 3.11 3.71 0.96 1.63 5.75 6.79 3.15 0.33 
2010 1.24 0.04 0.83 4.14 4.00 0.89 1.06 3.24 3.08 1.86 0.04 
2011 0.86 0.03 0.39 2.68 2.22 0.46 0.62 1.75 1.63 1.31 0.02 
2012 2.87 0.09 0.84 6.17 4.55 1.30 3.56 11.59 17.07 5.55 0.45 
2013 0.95 0.02 0.46 4.53 4.11 1.25 2.34 3.85 5.43 3.89 0.00 
2014 1.89 0.02 0.60 4.07 2.91 0.86 1.47 2.99 3.78 2.01 0.09 
2015 2.04 0.05 0.70 4.43 3.98 1.09 2.27 4.02 3.47 3.36 0.20 
2016 2.54 0.05 0.71 5.39 3.69 1.00 1.47 3.63 3.72 2.46 0.18 
2017 0.51 0.00 0.33 2.10 1.56 0.05 0.45 0.60 0.54 0.68 0.05 
2018 2.16   6.37 4.29 1.10 1.45 5.69 3.91 2.84  
A * 1.98 0.04 0.73 4.48 3.60 1.05 1.76 5.05 5.82 3.23 0.23 
*Table di la  da a f   1986-2018 a e  ea   ma ch SNOTEL clima e da a. H e e , a e age   
 a e calc la ed f m a l nge  (1955-2018) e i d and he ef e ma  n  e ac l  ma ch he e en ed da a  
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APPENDIX C  S ea f  Va e  (c i ed) 
C.5. Q20 (D     )  
 1 2 3 4 5 6 7 8 9 10 11 
G : 08284100 08247500 08248000 09124500 09146200 09147000 09165000 09342500 09349800 09352900 09366500 
1988 179 180 191 170 144 54 191 186 172 191 128 
1989 201 191 203 228 195 71 226 209 207 222 175 
1990 194 190 204 223 176 91 208 193 184 172 178 
1991 198 191 201 218 202 163 212 200 187 211 184 
1992 209 210 221 233 218 148 230 214 192 226 182 
1993 204 201 210 219 180 111 222 203 180 209 101 
1994 214 198 220 247 226 203 237 204 172 229 162 
1995 184 167 193 212 178 56 209 190 154 200 92 
1996 206 178 215 223 202 167  208 188 224 174 
1997 196 194 212 211 154 66  178 175 187 97 
1998 190 182 202 234 202 165 226 208 195 228 157 
1999 179 176 190 199 169 77 204 177 178 209 148 
2000 203 177 210 220 196 79 212 211 191 219 173 
2001 82 76 111 132 111 51 116 89 69 185 72 
2002 200 177 207 221 189 83 214 202 190 202 202 
2003 177 178 189 194 180 67 191 188 179 200 188 
2004 207 199 209 224 195 124 211 201 191 207 184 
2005 182 189 199 200 159 49 203 183 165 183 115 
2006 171 175 174 193 167 87 114 134 78 90 62 
2007 204 200 214 219 203 153 215 202 184 209 162 
2008 207 204 211 213 206 121 212 201 177 206 153 
2009 203 196 205 203 202 148 215 204 197 214 194 
2010 204 191 209 238 223 115 219 200 185 203 185 
2011 178 176 180 185 112 49 184 118 117 169 179 
2012 187 164 193 217 191 76 215 209 207 215 212 
2013 153 168 200 210 192 85 201 165 149 195 127 
2014 187 174 192 196 173 81 194 176 169 192 194 
2015 184 194 201 208 197 145 210 176 158 188 208 
2016 197 193 204 210 191 125 205 182 173 196 173 
2017 95 163 148 126 97 30 151 98 93 191 106 
2018 210   230 223 198 230 213 203 228  
A * 187 182 197 208 182 104 203 185 170 200 156 
*Table di la  da a f   1986-2018 a e  ea   ma ch SNOTEL clima e da a. H e e , a e age   
 a e calc la ed f m a l nge  (1955-2018) e i d and he ef e ma  n  e ac l  ma ch he e en ed da a  
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APPENDIX C  S ea f  Va e  (c i ed) 
C.6. Q50 (D     )  
 1 2 3 4 5 6 7 8 9 10 11 
G : 08284100 08247500 08248000 09124500 09146200 09147000 09165000 09342500 09349800 09352900 09366500 
1988 203 198 210 244 241 159 226 223 205 237 181 
1989 224 213 230 252 252 174 249 242 242 253 237 
1990 224 207 229 253 251 216 241 236 228 243 228 
1991 220 208 223 255 252 254 238 234 221 249 222 
1992 234 227 238 257 256 237 249 244 231 249 211 
1993 229 219 231 248 247 227 243 235 226 245 205 
1994 243 226 247 271 270 268 264 256 237 264 227 
1995 211 198 217 246 237 179 228 225 221 230 200 
1996 231 219 234 255 255 248  245 237 256 213 
1997 224 218 231 259 253 207  233 222 246 188 
1998 228 216 233 266 263 278 258 253 247 266 246 
1999 208 202 215 241 239 196 228 217 212 237 196 
2000 223 210 228 247 246 213 235 235 227 242 218 
2001 173 173 195 232 228 148 209 198 188 230 143 
2002 224 210 230 248 244 208 240 238 233 241 236 
2003 211 203 221 245 245 188 225 232 220 243 222 
2004 231 217 234 251 249 267 240 237 227 245 214 
2005 209 204 219 244 244 186 232 229 228 236 217 
2006 214 203 217 248 247 236 230 225 215 244 217 
2007 227 219 235 256 255 253 246 239 221 247 205 
2008 222 216 225 236 237 220 229 227 223 229 221 
2009 222 207 227 245 247 240 241 238 223 243 223 
2010 230 217 240 263 261 264 249 243 231 251 240 
2011 195 189 204 234 228 159 217 207 197 220 211 
2012 218 206 226 248 249 249 241 240 242 246 238 
2013 208 203 220 250 250 225 239 227 217 243 219 
2014 229 196 231 258 255 257 249 239 232 254 249 
2015 221 213 229 253 254 251 246 234 222 248 241 
2016 222 210 228 254 253 245 242 226 210 245 208 
2017 194 192 206 229 227 88 222 212 207 226 222 
2018 235   266 265 272 258 251 234 260  
A * 219 208 225 250 248 220 238 233 223 244 217 
*Table di la  da a f   1986-2018 a e  ea   ma ch SNOTEL clima e da a. H e e , a e age   
 a e calc la ed f m a l nge  (1955-2018) e i d and he ef e ma  n  e ac l  ma ch he e en ed da a  
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APPENDIX C  S ea f  Va e  (c i ed) 
C.7. Q80 (D     )  
 1 2 3 4 5 6 7 8 9 10 11 
G : 08284100 08247500 08248000 09124500 09146200 09147000 09165000 09342500 09349800 09352900 09366500 
1988 223 210 237 285 285 288 256 252 246 280 233 
1989 244 226 253 277 282 284 279 263 281 289 263 
1990 244 227 254 278 285 309 272 266 275 292 264 
1991 242 221 251 287 290 304 267 267 259 293 250 
1992 249 237 259 281 285 304 271 274 265 283 243 
1993 244 230 249 272 278 316 261 258 254 271 248 
1994 263 242 268 299 300 308 285 281 273 291 269 
1995 226 214 235 273 275 282 253 249 265 271 233 
1996 251 231 255 291 297 310  275 274 303 253 
1997 242 228 250 291 289 294  263 261 285 241 
1998 250 232 260 306 304 320 310 312 314 316 310 
1999 220 214 236 273 281 277 251 241 239 262 237 
2000 237 222 243 283 286 314 259 256 252 277 247 
2001 200 196 226 274 283 344 250 240 237 310 224 
2002 242 222 247 294 286 324 262 255 252 291 259 
2003 228 220 240 276 288 290 251 260 255 294 251 
2004 243 231 249 280 285 307 266 264 260 279 243 
2005 238 221 251 285 294 304 283 280 311 304 244 
2006 234 222 243 289 286 308 267 259 256 298 258 
2007 248 234 257 287 287 297 266 266 258 279 255 
2008 238 226 244 272 273 274 255 251 247 268 242 
2009 240 223 245 271 282 285 258 259 253 285 252 
2010 249 232 258 288 291 300 267 265 259 276 261 
2011 218 206 227 280 279 285 245 237 234 262 235 
2012 246 227 251 319 314 349 347 340 351 347 358 
2013 238 219 244 280 288 303 262 253 252 297 244 
2014 252 228 255 280 282 292 270 263 263 276 272 
2015 242 231 250 280 284 294 268 257 252 277 262 
2016 245 228 250 287 289 299 264 255 251 279 260 
2017 216 205 229 269 269 167 251 236 233 259 261 
2018 258   292 294 303 278 274 266 284  
A * 239 224 247 284 287 298 268 264 263 286 256 
*Table di la  da a f   1986-2018 a e  ea   ma ch SNOTEL clima e da a. H e e , a e age   
 a e calc la ed f m a l nge  (1955-2018) e i d and he ef e ma  n  e ac l  ma ch he e en ed da a  
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APPENDIX C  S ea f  Va e  (c i ed) 
C.8. Q20-80 (D     )  
 1 2 3 4 5 6 7 8 9 10 11 
G : 08284100 08247500 08248000 09124500 09146200 09147000 09165000 09342500 09349800 09352900 09366500 
1988 44 30 46 115 141 234 65 66 74 89 105 
1989 43 35 50 49 87 213 53 54 74 67 88 
1990 50 37 50 55 109 218 64 73 91 120 86 
1991 44 30 50 69 88 141 55 67 72 82 66 
1992 40 27 38 48 67 156 41 60 73 57 61 
1993 40 29 39 53 98 205 39 55 74 62 147 
1994 49 44 48 52 74 105 48 77 101 62 107 
1995 42 47 42 61 97 226 44 59 111 71 141 
1996 45 53 40 68 95 143  67 86 79 79 
1997 46 34 38 80 135 228  85 86 98 144 
1998 60 50 58 72 102 155 84 104 119 88 153 
1999 41 38 46 74 112 200 47 64 61 53 89 
2000 34 45 33 63 90 235 47 45 61 58 74 
2001 118 120 115 142 172 293 134 151 168 125 152 
2002 42 45 40 73 97 241 48 53 62 89 57 
2003 51 42 51 82 108 223 60 72 76 94 63 
2004 36 32 40 56 90 183 55 63 69 72 59 
2005 56 32 52 85 135 255 80 97 146 121 129 
2006 63 47 69 96 119 221 153 125 178 208 196 
2007 44 34 43 68 84 144 51 64 74 70 93 
2008 31 22 33 59 67 153 43 50 70 62 89 
2009 37 27 40 68 80 137 43 55 56 71 58 
2010 45 41 49 50 68 185 48 65 74 73 76 
2011 40 30 47 95 167 236 61 119 117 93 56 
2012 59 63 58 102 123 273 132 131 144 132 146 
2013 85 51 44 70 96 218 61 88 103 102 117 
2014 65 54 63 84 109 211 76 87 94 84 78 
2015 58 37 49 72 87 149 58 81 94 89 54 
2016 48 35 46 77 98 174 59 73 78 83 87 
2017 121 42 81 143 172 137 100 138 140 68 155 
2018 48   62 71 105 48 61 63 56  
A * 52 42 50 76 104 193 65 79 93 86 100 
*Table di la  da a f   1986-2018 a e  ea   ma ch SNOTEL clima e da a. H e e , a e age   
 a e calc la ed f m a l nge  (1955-2018) e i d and he ef e ma  n  e ac l  ma ch he e en ed da a  
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D.1. F  F  E  
77 
 






























































































































































































































































































































































































































































































































































































































































APPENDIX E  SNOTEL Si e  
E.1. NO EL     J  M  R  
N . N   E  ( ) L  L   R  
316 Ba eman NM 2835 36.517 106.317 Ri  G ande E. San J an 
327 Bea n CO 3536 37.717 107.517 Ri  G ande E. San J an 
386 Ca cade CO 2707 37.650 107.800 San J an W. San J an 
394 Chami a NM 2560 36.950 106.650 Ri  G ande E. San J an 
409 C l mbine Pa  CO 2865 38.417 108.383 D l e  W. San J an 
431 C mb e  T e le CO 3060 37.017 106.450 Ri  G ande E. San J an 
465 El Dien e Peak CO 3048 37.783 108.017 D l e  W. San J an 
532 H e ell NM 3048 36.717 106.267 Ri  G ande E. San J an 
538 Ida ad  CO 2987 37.933 107.683 G nni n W. San J an 
580 Lil  P nd CO 3353 37.383 106.550 Ri  G ande E. San J an 
586 Li a d Head Pa  CO 3109 37.800 107.917 D l e  W. San J an 
589 L ne C ne CO 2926 37.900 108.200 D l e  W. San J an 
624 Middle C eek CO 3429 37.617 107.033 Ri  G ande E. San J an 
629 Mine al C eek CO 3060 37.850 107.733 San J an W. San J an 
632 M la  Lake CO 3200 37.750 107.683 San J an W. San J an 
713 Red M n ain Pa  CO 3414 37.900 107.717 G nni n W. San J an 
739 Sc ch C eek CO 2774 37.650 108.000 D l e  W. San J an 
762 Sl mg lli n CO 3523 37.983 107.200 G nni n W. San J an 
780 S d M n ain CO 3249 37.700 107.783 San J an W. San J an 
797 S m  Lake  CO 3414 37.483 107.633 San J an W. San J an 
839 U e  Ri  G ande CO 2865 37.717 107.267 Ri  G ande E. San J an 
840 U e  San J an CO 3109 37.483 106.833 San J an E. San J an 
843 Valleci  CO 3316 37.483 107.500 San J an W. San J an 
874 W lf C eek S mmi  CO 3353 37.483 106.800 Ri  G ande E. San J an 
 
E.2. NO EL  O     J  M  R  
N . N   E  ( ) L  L   R  
303 A i ha a CO 3048 37.333 105.067 A kan a  Sang e de C i  
317 Ba le M n ain WY 2268 41.050 107.267 Yam a/Whi e Whi e/Yam a 
322 Bea  Lake CO 2896 40.317 105.650 S h Pla e Pla e 
335 Be h d S mmi  CO 3444 39.800 105.783 S h Pla e Pla e 
345 Bi n Lake CO 3316 39.767 107.350 U e  C l ad  Cen al C l ad  
369 B mle  CO 3231 39.083 106.550 A kan a  Cen al C l ad  
378 B  M n ain CO 2865 39.883 107.600 Yam a/Whi e Whi e/Yam a 
380 B e CO 3097 38.900 106.950 G nni n Cen al C l ad  
408 C l mbine CO 2792 40.400 106.600 N h Pla e Pla e 
412 C eland Lake CO 2621 40.200 105.567 S h Pla e Pla e 
415 C e  M n ain CO 3216 39.483 106.167 U e  C l ad  U e  C . Ri e  
426 C h  CO 2774 40.167 107.050 Yam a/Whi e Whi e/Yam a 
430 C leb a #2 CO 3200 37.217 105.200 Ri  G ande Sang e de C i  
438 Deadman Hill CO 3115 40.800 105.767 S h Pla e Pla e 
79 
 
APPENDIX E  SNOTEL Si e  (C i ed) 
N . N   E  ( ) L  L   R  
449 Di ide Peak WY 2707 41.300 107.150 N h Pla e Pla e 
457 D  Lake CO 2560 40.533 106.783 Yam a/Whi e Whi e/Yam a 
467 Elk Ri e  CO 2652 40.850 106.967 Yam a/Whi e Whi e/Yam a 
485 F em n  Pa  CO 3475 39.383 106.200 U e  C l ad  U e  C . Ri e  
505 G i l  Peak CO 3383 39.650 105.867 U e  C l ad  U e  C . Ri e  
531 H ie  Pa  CO 3475 39.367 106.067 U e  C l ad  U e  C . Ri e  
542 Inde endence Pa  CO 3231 39.083 106.617 U e  C l ad  Cen al C l ad  
551 J e W igh  CO 3085 40.533 105.883 S h Pla e Pla e 
556 Kiln CO 2926 39.317 106.617 U e  C l ad  Cen al C l ad  
564 Lake Eld a CO 2957 39.933 105.583 S h Pla e Pla e 
565 Lake I ene CO 3261 40.417 105.817 U e  C l ad  U e  C . Ri e  
607 L n  Pa  CO 2707 40.083 106.667 U e  C l ad  U e  C . Ri e  
618 Mc Cl e Pa  CO 2896 39.133 107.283 U e  C l ad  Cen al C l ad  
622 Me a Lake  CO 3048 39.050 108.067 U e  C l ad  Cen al C l ad  
658 Na  Lake CO 2652 39.300 106.600 U e  C l ad  Cen al C l ad  
665 N h C illa NM 3231 37.000 105.267 Ri  G ande Sang e de C i  
668 N h F ench C eek WY 3088 41.333 106.383 N h Pla e Pla e 
669 N h L  T ail CO 2804 39.083 107.150 U e  C l ad  Cen al C l ad  
673 Old Ba le WY 3048 41.150 106.967 N h Pla e Pla e 
680 Pa k C ne CO 2926 38.817 106.583 G nni n Cen al C l ad  
682 Pa k Re e i  CO 3036 39.050 107.867 G nni n Cen al C l ad  
688 Phan m Valle  CO 2752 40.400 105.850 U e  C l ad  U e  C . Ri e  
701 P h  C eek CO 3280 38.483 106.333 G nni n Cen al C l ad  
709 Rabbi  Ea  CO 2865 40.367 106.733 Yam a/Whi e Whi e/Yam a 
715 Red Ri e  Pa  #2 NM 3002 36.700 105.333 A kan a  Sang e de C i  
717 Ri le C eek CO 3152 40.100 107.300 Yam a/Whi e Whi e/Yam a 
718 R ach CO 2957 40.883 106.050 N h Pla e Pla e 
731 Sand Lake WY 3063 41.467 106.283 N h Pla e Pla e 
732 Sand ne RS WY 2484 41.117 107.167 Yam a/Whi e Whi e/Yam a 
737 Sch field Pa  CO 3261 39.017 107.050 U e  C l ad  Cen al C l ad  
772 S h B h C eek WY 2573 41.333 106.500 N h Pla e Pla e 
793 S ill a e  C eek CO 2658 40.233 105.917 U e  C l ad  U e  C . Ri e  
802 S mmi  Ranch CO 2865 39.717 106.150 U e  C l ad  U e  C . Ri e  
825 T e  CO 3200 40.533 106.683 Yam a/Whi e Whi e/Yam a 
827 T a e  Lake CO 2957 40.000 107.233 Yam a/Whi e Whi e/Yam a 
842 Vail M n ain CO 3139 39.617 106.383 U e  C l ad  U e  C . Ri e  
852 Webbe  S ing  WY 2819 41.167 106.933 N h Pla e Pla e 
857 Whi ke  Ck CO 3115 37.217 105.117 A kan a  Sang e de C i  
859 Whi ke  Pa k WY 2728 41.000 106.917 Yam a/Whi e Whi e/Yam a 
869 Will  C eek Pa  CO 2908 40.350 106.100 U e  C l ad  U e  C . Ri e  
870 Will  Pa k CO 3261 40.433 105.733 S h Pla e Pla e 
80 
 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































APPENDIX H  Q  M i a ia e Li ea  Reg e i  O   
 E  ( ):  
M del 1   De enden :  Q m (cm ) 
Inde enden :  T al SWE (mm) 
 
M del 2   De enden :  Q m (cm ) 
Inde enden :  T al SWE (mm) & SWE Leng h (da ) 
 
M  : 
M del 1  R:   0.959 
   R2:   0.919 
   Adj ed R2: 0.917 
   S d. E :  0.262 
   Significance: < 0.001 
 
M del 2  R:   0.968 
   R2:   0.936 
   Adj ed R2: 0.932 
   S d. E :  0.238 
   Significance: < 0.001 
 
C : 
 M del 1  C n an  
    Un anda di ed Be a C efficien : -3.176 
     a i ic: -17.469 
    Significance:  
   T al SWE 
    Un anda di ed Be a C efficien : 0.006 
     a i ic: 18.183 
    Significance: < 0.001 
 
 M del 2  C n an  
    Un anda di ed Be a C efficien : -4.698 
     a i ic: -8.039 
    Significance: < 0.001 
   T al SWE 
    Un anda di ed Be a C efficien : 0.005 
     a i ic: 13.381 
    Significance: < 0.001 
   SWE Leng h 
    Un anda di ed Be a C efficien : 0.009 
     a i ic: 2.714 
    Significance: .011 
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APPENDIX J  N e  P ed Fie d W   
F  hi  e ea ch jec , f nd  e e ided b  he He ld F nd f  field k 
in l ing de l men  and c llec i n f ea nal eci i a i n and eamfl  in -
men  in head a e  egi n  f he d  a ea.  T  ba in , Bl e Lake  and Yankee B , 
e e elec ed d e  hei  l ca i n i hin he a e hed  f  Dalla  C eek and he Un-
c m ahg e Ri e , imi   SNOTEL i e  (Ma e , 2017), and hei  incl i n i hin 
e i  die , all ing f  anal i  f m l i le ec d . A hi d ba in, in he Ri  
Chama a e hed, a  elec ed  ide ge g a hic and clima l gical a iabili .  
Unf na el  f  he elec ed d  e i d, c l, e  c ndi i n  ( he 2nd l e  
ma  em e a e and he highe  eci i a i n al e  n ec d) e l ed in dela ed 
n mel  and n ff. Of he 1988-2018 SNOTEL e i d, nl  1998 e e ienced a la e  
Q50 da e. The ef e, high fl  and ab ndan  n  c e  d ing an ini ial (J l  13 h) 
a em  a  lace in men  in Yankee B  ba in ended in fail e. A  a e l , n  n il 
A g  16 h did field mea emen  begin f  he ea n in Yankee B  and Bl e Lake  
ba in .  In he Ri  Chama ba in, lacemen  f he e e an d ce  cc ed ea lie  
(7/20), b  he de ice a hed  n af e  de l men  in he ne  l ca i n. Once in-
men  e e in lace, an n all  d  A g -Se embe  (2nd l e  eci i a i n 
al e f  he d  e i d), ided minimal di cha ge a ia i n f m hich  c m-
a e h gh  he ba in. 
T  acc n  f  he lack f da a f m he ed field me h d , addi i n f 
SNOTEL i e  f m a nd C l ad  e e incl ding  ide a b ade  nde and-
ing f h  he San J an M n ain  ela e  he nding a ea . Sec ndl , field de-
ice  e e e-de l ed in he fall  begin ec ding in Ma ch 2020. Thi  ne  a ach 
ill h ef ll  all  f  a c m le e mea emen  f he n mel  e i d in he e ba in  
i h  e i ing field k d ing ele a ed fl  and i h high n ack emaining 
h gh  he ba in. Unf na el , he da a f m he e mea emen  i  n  a ailable 
f  hi  he i  ba ed n he imeline f he jec .  
